Phenolic acids and the boron requirement of plants by Dear, John Mowatt
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1967
Phenolic acids and the boron requirement of plants
John Mowatt Dear
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Biochemistry Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Dear, John Mowatt, "Phenolic acids and the boron requirement of plants " (1967). Retrospective Theses and Dissertations. 3380.
https://lib.dr.iastate.edu/rtd/3380
This dissertation has been 
microfilined exactly as received 68-2812 
DEAR, John Mowatt, 1935-
PHENOLIC ACIDS AMD THE BORON REQUIREMENT 
OF PLANTS. 
Iowa State University, Ph.D., 1967 
Chemistry, biol(%ical 
University Microfilms, Inc., Ann Arbor, Michigan 
PHENOLIC ACIDS AND THE BORON 
REQUIREMENT OP PLANTS 
by 
John Mowatt Dear 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject : Biochemistry 
Approved: 
In C Via j or Work 
Head of Major Department 
Iowa State University 
Of Science and Technology 
Ames, Iowa 
1967 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
I, INTRODUCTION 1 
II. EXPERIMENTAL SECTION 6 
A. Nutritional Substitutes for Boron 6 
1. Introduction 6 
2. Materials and methods 8 
3. Results and discussion 10 
B. The Essentiality of Boron for Scenedesmus l4 
1. Introduction l4 
2. Materials and methods 17 
3. Results and discussion 20 
C. Variation in Concentration of Chlorogenic 
and Caffeic Acids during the Onset of Boron 
Deficiency in Sunflower 25 
1. Introduction 25 
2. Materials and methods 25 
3. Results and discussion 27 
D. Effect of Intermittent Light on Phenol Kinetics 
in Boron Deficient and Sufficient Sunflowers 33 
1. Introduction 33 
2. Materials and methods 34 
3. Results and discussion 36 
E. Respiratory Metabolism of Caffeic and Chloro­
genic Acids in Boron Deficient and Sufficient 
Sunflowers 42 
1. Introduction 42 
2. Materials and methods 42 
3. Results and discussion 43 
l4 F. The Fate of Acetate-U- C and its Incorporation 
into Polyphenols in Normal and Boron Deficient 
Sunflowers 50 
1. Introduction 50 
2. Materials and methods 50 
3. Results and discussion 53 
Ill 
Page 
G. Turnover of Chlorogenic and Caffeic Acids 
in Normal and Boron Deficient Sunflower 
Leaves 64 
1. Introduction 64 
2. Materials and methods 64 
3. Results and discussion 6S 
H. Turnover of Phenylalanine in Normal and 
Boron Deficient Young Sunflower Leaves 104 
1. Introduction 104 
2. Materials and methods 105 
3. Results and discussion 108 
III. SUMMARY " 124 
IV. BIBLIOGRAPHY 129 
V. ACKNOWLEDGMENT l4l 
1 
I. INTRODUCTION 
The essentiality of boron for some higher plants has been 
known since 191O when Agulhon (l) offered abundant supporting 
evidence for its necessity. Since that time there have been 
several thousand reports dealing with the relief of certain 
macro-symptoms in various plants by the application of boron. 
Reviews are available which deal with the early history of 
boron deficiency symptoms and its morphological aspects 
(2, 3). More recently, Gauch and Dugger (4) have written a 
comprehensive review of the various roles that have been 
assigned to this element in higher plants. At the present 
time, the exact functions of boron in plants is unknown. The 
following paragraphs are intended not as a rigorous review, 
but rather as a brief survey of the more recent literature 
and the currently popular theories on the mode of action of 
boron. 
The external manifestations of boron deficiency are 
remarkably similar for most plants. A marked retardation of 
growth occurs in the meristematic regions with eventual death 
of the terminal buds and root tips. Accompanying S3miptoms 
include discoloration of the terminal bud and extreme 
brittleness of petioles. While deficiency symptoms have 
been noted in both monocots and dicots, they are usually 
more pronounced in the latter (5). Anatomical studies reveal 
that microsymptoms precede the macrosymptoms (6, 7). There 
2 
is a general deterioration of chloroplast fine structure in 
leaves with a concomitant erratic proliferation of cambium 
cells at the stem apex. 
Of the approximately 30 roles that have been assigned to 
bo" on (4)J only a few are currently fashionable. The most 
popular theory is that boron enhances sugar translocation in 
plants by virtue of its ability to form ionizable sugar-
borate complexes which allow enhanced membrane transport. 
The work of numerous investigators has still not resolved 
the authenticity of this relationship (4, 8, 9, 10, 11, 12). 
An attractive alternative explanation for the enhanced sugar 
translocation has been proposed by Dugger _ejt aJ. (13). In 
vitro studies on starch synthesis with starch phosphorylase 
showed that boron, at physiologic concentrations, combined 
with glucose-l-phosphate to decrease the rate of reaction but 
not the final equilibrium value. It was proposed that the 
reduced rate of condensation of soluble carbohydrate to 
starch would tend to promote the movement of soluble carbo­
hydrate out of the leaves to other parts of the plant. This 
explanation was substantiated by the observed accumulation of 
starch in boron-deficient chloroplasts (6). This is 
currently one of the few definitive investigations that links 
boron directly to enzyme dynamics (l4). Other studies on 
enzyme-boron relationships consist merely in examination of 
certain enzyme activities in cell-free homogenates of boron 
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sufficient and deficient leaves and roots (4, 15, l6). Such 
an approach is grossly inadequate, however, and only succeeds 
in showing differences in net protein synthesis. 
Numerous investigations have implicated boron in the 
biosynthesis of proteins and nucleic acids. Using young 
root tips of bean, Whittington (17) found that boron had no 
effect on protein synthesis while Hinde _et (l8) studied 
the amino acid-dependent ATP pyrophosphate exchange activity 
in the same tissue and concluded that protein synthesis was' 
decreased in boron deficiency. Since the synthesis of new 
proteins must presumably be preceded by that of new messenger 
RNA, it is not surprising to find many reports relating boron 
and RNA in plants. Experiments on a variety of plants 
support the suggestion that boron deficiency strongly inhibits 
the synthesis of messenger RNA (19, 20, 21). However, it 
seems probable that the involvement of boron in nucleic 
acid metabolism is Indirect since all of the data was 
obtained using tissue showing strong deficiency symptoms. 
The work of Cory _et aJ.. (22) is the only exception. They 
•52 demonstrated an increased incorporation of P into the 
nucleic acids of 4-hour deficient bean roots with the most 
marked effect occurring in the zone of cell elongation, 
about 3-9 mm from the tip. The bases for these results is 
not understood. 
Many workers currently maintain that boron is intimately 
associated with either the synthesis of cell wall material or 
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with certain adhesive factors which maintain the integrity 
of cell walls. Lignin, commonly regarded as a cell wall 
stiffening agent, is a polymer constructed from phenylpro-
panic units (23). While many reports implicate boron in its 
biosynthesis, the literature unfortunately is fraught with 
contradictions. Thus, Dutta and Mcllrath (24) and Mcllrath 
and Skok (25) found decreased lignification in boron-deficient 
tissue, but Odhnoff (26) and Neales (27) found the reverse 
situation. The lignification hypothesis is especially attrac­
tive since various phenolic precursors of lignin are known to 
accumulate in boron deficiency (28, 29). 
In a somewhat more positive sense, studies of boron 
deficient plants have indicated that boron is essential to the 
synthesis of pectin, a galacturonic acid polymer found in the 
middle lamella of cell walls (30). Much of the work in this 
area has been done on pollen grains, an extremely useful bio­
logical tool in boron research due to the large amounts of 
boron it requires for normal germination and growth, anywhere 
from 10 to 150 ppm as compared to 0.1 to 0.5 ppm for plants 
(31, 32). It should be noted that boron tends to concentrate 
in the reproductive organis of plants, and it is often said 
that the pollen of at least some plants is naturally defi­
cient in boron. Raghaven and Baruah (33) and Stanley and 
Loewus (34) present evidence suggesting a relationship 
between boron and pectin formation in germinating 
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pollen. Slack and Whittington (35), working with roots of 
spring field beans, postulated that borate ions act as 
bonding agents between cell wall polysaccharides and in this 
way control their rate of deposition in the cell wall. Thus, 
the increased synthesis of pectin substances may result from 
a lack of borate ions in newly formed cells. 
In general, most of the work attempting to relate boron 
to the biosynthesis of macromolecules is unconvincing. 
Biochemical characteristics detected after deficiency is 
externally manifested are likely to be only indirect symptoms. 
Alterations sought at earlier times after the removal of 
boron should be more fundamental to the primary lesion. 
Moreover, the basis for apparently contradictory reports can 
be understood if one considers the diversity of biological 
material employed" as well as the variable criteria used for 
judging a plant to be deficient, all of which lend a great 
deal of confusion to the boron literature. 
It is hoped that the experiments that follow, while not 
solving the boron riddle, will help to dispel some contra­
dictions and at the same time narrow the field significantly 
for future investigators. 
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II. EXPERIMENTAL SECTION 
A. Nutritional Substitutes for Boron 
1. Introduction 
In 1961, Shkol'nik et al. (36) reported that boron 
deficiency symptoms in sunflower plants were alleviated by 
adding ribonucleic acid to their nutrient solutions. It 
seemed apparent, however, that the additional growth may have 
been due to contaminating boron in the ribonucleic acid 
samples especially since amounts as great as half a gram 
were used over approximately a 30-day period. Alternatively, 
since aged or autoclaved nucleic acid is known to be a 
source of kinetin (37j 38)a powerful plant growth hormone, 
the above results may have been caused by kinetin present in 
the ribonucleic acid. The implication of boron in plant 
hormone metabolism is not new. Eaton (39), in 1940, was the 
first to report that some of the symptoms of boron deficient 
plants are strikingly similar to those of plants deficient in 
auxin. He also suggested that boron may be intimately 
associated with the formation of plant hormones. Like many 
theories on the role of boron, the plant hormone relationship 
has never been resolved. 
The discovery of indole acetic acid (lAA) as a natural 
growth regulator initiated a search for chemical analogs 
with similar activity. It was soon established that 
7 
derivatives of indolenaphtoxy- and phenoxy-acetic acids as 
well as some simple derivatives of "benzoic acid had growth 
regulating properties similar to lAA. In an attempt to 
discover additional compounds with auxin activity, Torssell 
(4o) synthesized a series of of organoboron compounds of 
the general formula RB(OH:)g where R represents a phenyl group 
carrying substituents in different positions. Since these 
compounds had structures similar to that of the benzoic acid 
derivatives, it was reasoned that they also may have growth 
regulating properties. Subsequent studies revealed that 
several of these arylboronic acids were indeed auxin active, 
especially phenylboronic acid (PhB). However, whereas 
synthetic auxins demonstrated a large change in activity with 
the position and type of substituent on the aromatic nucleus 
and also had rigorous steric requirements for activity (4l), 
these factors had little or no effect on the auxin-like 
activity of PhB. Moreover, benzoic acid had no growth regula­
ting effects but PhB had very strong activity. These 
findings indicated that PhB may regulate the growth of cells 
through properties not coupled with auxin effects. It was 
eventually concluded that PhB was mimicing boron but with 
unusual side effects. The epidermal cells of wheat roots 
treated with arylboronic acids were narrower than the normal 
ones, the cell walls were very thin and the roots were limp 
and'weak. Wheat and bean roots grown on 10 ^  M PhB are twice 
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as long as roots grown on boric acid at an equivalent con­
centration, an effect attributed to increased cell elongation 
and not cell multiplication (40, 42). Subsequent investi­
gations have shown that PhB can substitute for boron in a wide 
variety of plants but root and top growth is invariably 
abnormal (42, 43, 44). 
The purpose of the following experiments was two-fold: 
1) to ascertain whether lAA and/or kinetin would replace the 
boron requirement of sunflower and 2) to determine the extent 
to which methyl and phenylboronic acids could substitute for 
boric acid in the growth of sunflower. 
2, Materials and methods 
Sunflower (Helianthus annus L. var Mammoth Russian) was 
used throughout. For experiments with boronic acids, 
sunflower seeds were germinated in quartz sand moistened with 
distilled water. After one week uniform seedlings were 
selected, the roots washed free of sand and the plants 
transferred to Hoagland's nutrient solution No. 1 (45) 
(with supplementary minor elements, except for boron) in 
quart Mason jars wrapped in aluminum foil and set up in the 
greenhouse. The experiments were carried out under summer 
conditions. The required amount of boron was added from 
appropriate stock solutions of either boric acid, me thy1-
boronic acid (MeB) or PhB. A commercial sample of PhB from 
American Potash and Chemical Co. was recrystallized once from 
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from water, melting point, 2l4-2l6°C, as the anhydride. 
MethylTooronic acid was synthesized from methylborate and 
methylmagnesium bromide (46) in 30% yield. The product, 
purified by sublimation (47), melted at 98-100°C with 
decomposition (48). 
For experiments with plant hormones, sunflower seeds 
whose outer shell had been removed, were washed in commercial 
Chlorox for one minute and then rinsed with small portions of 
sterile, distilled water until about 300 ml of the latter had 
been used. The resulting seeds were transferred aseptically 
to sterile petri dishes and incubated at 28°C. Under these 
conditions, the seedlings were ready for transfer to Mason 
jars in 2^ - 3 days. Two-holed corks, coated with paraffin 
wax, were wrapped in aluminum foil and sterilized by auto-
claving. Mason jars were also sterilized by autoclaving. 
The nutrient solution for each experiment was autoclaved 
separately in a 12-1 glass container so that a homogeneous 
"B-" solution could be distributed uniformly to all Mason 
Jars. Seedlings, 2 per jar, were transferred asceptically, 
and appropriate amounts of kinetin and/or lAA were added 
from stock solutions in 70$ ethanol. Plants were grown in a 
home-made growth chamber with a maximum day temperature of 
90°C and a night temperature of 70°C. A day length of l4 
hours was employed with 900 ft-c of light at the leaf 
surface. Using the above procedures, no bacterial 
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contamination of kinetin- or IAA-containing solutions was 
encountered. 
3. Results and discussion 
The heights of plants attained under the various treat­
ments are given in Tables 1 and 2. Each height is the average 
of 4 plants. Prom Table 1, it should first be noted that 
plants on 0.05 ppm boric acid, while showing deficiency 
symptoms within 20 days, demonstrate a reduction in growth 
long before symptoms appear. This "sparing effect" is a 
commonly observed phenomenon in sunflower. It is as though 
the plant, intuitively aware of a limiting supply of boron, 
attempts to conserve growth. The leaves are generally 
smaller, and the stem is thinner and shorter than plants 
with optimum boron. 
The data indicate clearly that phenylboronic acid will 
support the growth of sunflower, but with some stunting, 
especially at 0.5 ppm. In addition, leaves were abnormal in 
shape with considerable wrinkling and generally appeared much 
greener than boric acid-grown leaves. If one grows a sun­
flower plant alternatingly on solutions containing either PhB 
or boric acid, the point at which the source of boron was 
changed will be clearly indicated by the change in morphology 
of the leaf. The darker color and change in morphology of 
the leaves of phenylboronic treated plants is a common obser­
vation (4-2, 49). Odhnoff (42) found that leaves of plants 
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Table 1. Growth in inches above cotyledons^ 
Treatment Day 1 5 9 13 17 21 
0.5 ppm B 0.50 3.75 6.40 .  . .  9 .54 1 2 . 8  16.6 
as HgBOg ±0.00 ±0.35 ±0.41 ±0.62 ±0.73 ± 0 . 8 1  
0.05 ppm B 0.50 3.16 5.78 7.96 10.2 11.1 
as HgBOg ±0.00 ±0.19 ±0.23 ±0.34 ±0.38 ±0.42 
B.D.S.b 
0.5 ppm B 0.50 2.69 5.00 7.82 9.91 1 1 . 6  
as PhB ±0.00 ±0.12 ±0.20 ±0.29 ±0.38 ±0.43 
0.05 ppm 0.50 3.00 5.42 7.53 9.87 10.76 
as PhB ±0.00 ±0.16 ±0.24 ±0.31 ±0.43 ±0.47 
B.D.S. 
0.5 ppm B 0.50 3.72 6.73 9.93 13.6 17.9 
as MeB ±0.00 ±0.27 ±0.36 ±0.49 ±0.58 ±0.79 
0.05 ppm 0.50 3.07 5.96 8.23 1 0 . 5  11.4 
as MeB ±0.00 ±0.15 ±0.26 ±0.30 ±0.48 ±0.53 
B.D.S. 
no B 0.50 1.00 1.25 
added ±0.00 ±0.00 
B.D.S. 
Variations about the mean are at the 95^ confidence 
level. 
^B.D.S. = Boron Deficiency Symptoms. 
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Table 2. Growth in inches above cotyledons^ 
Treatment Day 1 5 9 13 17 21 
0,5 ppm as 0.50 2.33 5.78 8.93 12.4 17.5 
boric acid ±0 .00 ±0.27 ±0.39 ±0.52 ±0.66 ±0.79 
0.08 ppm 0.50 2.00 4.36 6.01 8.23 9.73 




0.08 ppm 0.50 2.13 4.27 5.98 8.11 9.63 




0.08 ppm K 0.50 2.01 3.98 5.53 7.89 9.41 
+0.08 ppm 
lAA B- ±0.00 ' ±0.09 ±0.15 ±0.22 ±0.29 
B 
±0.33 
.D .8 .  
B-, auto-
claved 0.50 1.96 3.23 5.00 7.54 9.51 





autoclavedQ 1.13 1.25 
±0.00 ±0.00 4.0 .00 
B.D.8. 
Variations about the mean are at the 95^ confidence 
level, 
.D.8. = Boron Deficiency Symptoms. 
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given PhB--with or without B--contain more soluble sugar and 
are about 10-15^ richer in chlorophyll and carotenoids. The 
increase in the pigments is probably an indirect effect, 
following the high glucose induced by PhB. While leaves are 
abnormalJ root growth is usually promoted, up to 100^ in 0,1 
ppm PhB. It is generally observed that the optimal dose for 
root growth corresponds with the threshold value for inhibi­
tion of shoot growth. 
Torssell (40) has shown that the stimulating effect of 
PhB on root growth'is due primarily to cell elongation and 
not cell division. This suggests that boron must play a role 
in regulating the elasticity and plasticity of cell walls. 
As plant cells age, the rigidity of the cell wall increases, 
a change caused by the deposition of additional cellulose in 
the wall, especially crystalline cellulose. It is hypothe­
sized that the site of action of borate is characterized by 
growth where a rapid synthesis of cell wall material takes 
place. The complexes between borate and cellulose chains 
control the deposition of oriented cellulose micelles and the 
accompanying stiffening of cell walls. Thus, it may be 
assumed that in boron-deficient plants a rapid stiffening of 
the cell wall takes place which prevents the normal stretch­
ing of the cell. On the other hand, as PhB cannot form 
bridges between molecular chains, a crystallization of 
cellulose micelles is precluded, partly by steric hinderance ' 
l4 
and partly by repulsion of ionized complexes. As the 
complexes with phenylboronic acid gradually dissociate, a 
slow crystallization should take place but, in the meantime, 
an increased cell elongation will have resulted. Torssell 
(4o) has shown that the aging of amylose in water solution 
can be delayed by both phenylboronic acid and boric acid, 
with the former being more effective. 
To this investigator's knowledge, no plants had been 
grown previously-With methylboronic acid. Prom the data of 
Table 1, it is apparent that MeB does not stunt growth and, 
equally important, it caused no observable abnormalities in 
the morphology of the plants. Indeed, MeB appeared to be 
slightly stimulatory to growth compared with boric acid,- but 
a more statistical study would be required to show this. 
Assuming that methylboronic acid remains unaltered vivo, 
and assuming the cell wall theory discussed above, one may 
postulate that the wrinkling of leaves observed with PhB is 
due to a contortion of cell wall structure by virtue of the 
bulky phenyl group being interspersed between cellulose 
chains. 
This explanation would be favored by the fact that PhB 
complexes with diols more strongly than does boric acid, 
hence facilitating the entrapment of PhB in the cellulose 
network. Methylboronic acid, however, is sterically more 
similar to boric acid and, being slightly weaker than boric 
•15 
acid as an acid, it facilitates dissociation of a diol 
complex. The possibility cannot be excluded, of course, that 
PhB may influence a growth process not affected by boric 
acid. At the present time there is no reason for assuming 
that boron is unifunctional vivo. On the contrary, if one 
considers the numerous cell constituents that boron can 
chelate, a multifunctional role would seem more logical. 
The cell wall hypothesis offers such a possibility especially 
in view of its recently discovered association with a hydroxy-
proline- containing protein (50). It is attractive to speculate 
that boron may serve to regulate cell wall enzymes, catalyzing 
the synthesis of wall polysaccharides and at the same time 
controlling the "crystallization" or stiffening of cellulose 
fibers. 
Table 2 gives the growth of sunflower in the presence of 
kinetin and lAA without added boron. The optimum concentra­
tion of both hormones was 0.04 ppm per plant. At higher 
concentrations, growth was stunted severely until, at 0.5 
ppm, the growing point turned brown and died at 0.50 inches 
above the cotyledons. It is apparent that neither hormone 
has the slightest sparing effect on the boron requirement, 
even whem combined. All plants showed deficiency symptoms at 
the same time. On the possibility that the hormones may have 
been taken up passively and metabolized during the early 
stages of growth, additional hormone was added at the first 
sign of boron deficiency. More boron was also added to the 
l6 
B- autoclaved control plants. Whereas the latter recovered 
and continued to grow normally, the plants which received more 
hormone continued to go deficient. Generally, in sunflower, 
if boron is administered within 3 days after deficiency 
symptoms appears, the original shoot, while being somewhat 
deformed, will recover and continue to grow. If one waits 
longer than 3 days, the original shoot will not recover but 
a new shoot will develop laterally and below the original. 
It is concluded from these results that the plant 
hormones, kinetin and lAA, cannot substitute for boron in 
sunflower. Further, while phenyl-and methylboronic acids can 
substitute for boric acid, the former, probably due to 
charge and steric effects, behaves as a disabled boric acid. 
In addition, it is reasoned that, since growth is normal 
with methylboronic acid, a bisdiolboric acid is not essential 
to the role of boron in sunflower. • 
B. The Essentiality of Boron for Scenedesmus 
1. Introduction 
A question of fundamental importance to understanding 
the role of boron in plants is whether it is needed for 
unicellular algae. The latter divide but do not differentiate 
and have no conducting tissue. Thus, if algae do not require 
boron, then one would assume that boron is not needed for 
cell division but may be required for differentiation. 
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Mcllrath and Skok (51) have stated that boron caused a 137^ 
increase in dry weight per cell over boron deficient cells 
of Chlorella vulgaris. However, essentially was not conclu­
sively demonstrated. McBride (52) and Bowen _et . (53) 
repeated Mcllrath and Skoks' work, but could find no boron 
effect. The above workers made no attempt to deboronate the 
salts employed in their experiments ana all used low boron 
glassware. However, Yih (54) has shown that enough boron 
leaches out of the low boron glassware to satisfy the boron 
requirement of Ginkgo pollen tissue. Thus, to circumvent 
this problem, autoclavable polypropylene flasks should be 
employed. At the present time, boron has been found non­
essential for fungi and yeast (55), but essential for Azoto-
bacter (56), a nitrogen fixing bacterium, for a blue green 
algae. Nostoe muscorum (57) and for a pennate diatom ( 5 8 ) .  
The following experiment was designed to test the necessity 
of boron for Scenedesmus. 
2. Materials and methods 
The organism employed was Scnenedesmus obliquus wild 
type. Boron was quantitated by the curcumin precipitation 
technique of Hayes and Metcalfe (59) and occasionally the 
modification of Crawley (60) was utilized when water was pre­
sent in amounts greater than 0.25 ml. The limit of detection 
of this procedure is 5 nanograms. Deboronated water was 
obtained by distilling double distilled water (containing • 
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4 X 10"^ ppm boron) from 0.1 M Tris through a home-made 
teflon condensing system. The distillate was collected and 
stored in a one gallon polypropylene jug. In this way, the 
condensate never touched glass and the tris effectively 
retained any boron in the double distilled water. Concentra­
tion of one liter of the deboronated water, made 0.05 N with 
NaOH, and subsequent analysis of the basic residue, gave 
values no greater than the corresponding blank. The con­
centration was carried out in a teflon-lined beaker. 
The analysis of salts to be used in the nutrient solu­
tion showed that most of them contained 0.4 - 0.5 ppm boron. 
This contaminating boron was removed in the following manner: 
Anhydrous reagent grade methanol was redistilled twice 
through a 10-plate fractionating column to remove the insolu­
ble residue which, as analysis revealed, contained significant 
amounts of boron. Thin glass tubes, sealed at one end, were 
used as antibumping agents since normal boiling chips 
contributed considerable residue which was carried over into 
the distillate. Distillation was carried out in a normal 
glass fractionating assembly since analysis showed that no 
boron was picked up from glass by anhydrous methanol. It 
should be mentioned that the usual practice of distilling 
water or methanol, especially the latter, from KOH or NaOH 
to retain boron is grossly inadequate. Both these bases 
contribute large quantities of residue to the distillate. 
19 
The purified methanol was stored in a 2 gallon polypropylene 
jug. 
Propionic acid was also redistilled to remove the 
insoluble residue. Stainless steel saucepans, about 5 
inches in diameter and 2^ inches deep, were lined with 
teflon sheeting, about 200 ml of deboronated water was 
added to each, and the pans were autoclaved for one-half hour 
to remove any leachable material from the teflon. This 
process was repeated once. Stock solutions of the required 
salts were prepared from deboronated water and stored'in 
polypropylene bottles. In the case of the macroelements, 
an amount of each sufficient for one liter of nutrient 
solution, approximately 10 ml, was placed in a separate 
saucepan. The microelement and iron solutions are also 
treated separately. To each pan was added 100 ml of purified 
methanol and 0.05 ml of propionic acid. The resulting 
solutions were then evaporated to dryness on a steam bath and 
the process repeated 5 more times. At the conclusion of 
this treatment, no detectable boron was present in the salts. 
The concentration of salts per liter of nutrient solution 
was as follows: KNO^ = 12 mM; MgSOj^ = 10 mM; ~ 9 mM; 
iron = 5 ppm as Sequestrene chelate; microelements: Mn = 
0.5 ppm, zn = 0.05 ppm, Cu = 0.02 ppm. Mo = 0.01 ppm as 
MoOg, Co = 0.04 ppm, and boron, when added, = 0.10 ppm. 
Nutrient solutions were prepared with deboronated water. 
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Polypropylene or teflon ware was used throughout these 
experiments. Cultures were grown in 500 ml polypropylene 
erlenmeyers fitted with 2-hole rubber corks fitted with 
teflon inlet and exit tubes. The erlenmeyers^ each containing 
200 ml of nutrient solution, were plugged with cotton and 
sterilized by autoclaving. The flasks introduced no boron-
containing leachable material during autoclaving. The rubber 
cork assemblies were sterilized by soaking in 70^ aqueous 
isopropanol. Flasks of the same treatment were connected in 
series with tygon tubing. A 5^ CO^-in-nitrogen mixture was 
bubbled through the cultures to provide a source of carbon. 
Agitation was provided by a rotary shaker while continuous 
illumination was supplied by a bank of overhead daylight 
fluorescent lamps with a light intensity of l400 ft-c. 
Cell numbers' were determined with a hemacytometer. Dry 
weights of cells were obtained by centrifuging the cells from 
a known volume of culture in a tared conical centrifuge tube. 
After discarding the supernatant, the packed cells were 
dired at 70°C and their weight determined. Cultures were 
inoculated with lo'^ cells and allowed to grow for about 2.5 
days before harvesting. 
3. Results and discussion 
From Table 3, it is obvious that boron is not essential 
for the growth of Scenedesmus and, hence, does not limit cell 
division at a concentration of 5 x 10~^ ppm. One might 
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10 4.96 5.22 2.91 3.43 
5.77 6.01 3.82 3.51 
5.23 4.50 3.33 3.07 
11 4.87 5.55 3.46 3.43 
. 4 .53 4.93 3.37 3.67 
5.01 4.62 3.01 3.09 
12 6.24 5.87 2.92 3.36 
6.51 6.97 3.57 3.17 
5.87 5.93 3.33 3.30 
Average : 5.45 5.41 3.30 3.34 
object to the tacit assumption that cells were growing at the 
level of boron indicated since no attempt was made to analyze 
the cells for boron content. However, assuming the initial 
culture may have contained 0.5 ppm boron, an unreasonably 
high value, this would have been reduced to 5 x 10"^ ppm in 5 
subcultures by dilution alone since each innoculum was diluted 
20-fold. By the tenth subculture and approximately 45 
generations later, the cells surely would have been reduced 
to the level of the nutrient solution. 
While there are numerous methods available for 
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quantitatlng boron (6l, 62, 63, 64), only the curcumin 
procedure is sufficiently exact for analyses in the nanogram 
range. Recently it has been adapted to the analysis of 
boron in the picograra range ( 6 5 ) .  All this is made possible 
by the high extinction coefficient of the boron-curcumin 
-1 -1 
complex, rosocyanin, e = 180,000 mol. 1 . cm . However, 
to detect boron in biological material, it is necessary to 
ash the sample at about 500-550OC. When working in the nano­
gram range, this.process introduces a considerable variation, 
so that the results are rendered meaningless. The reasons 
for this are as follows: l) since boron volatilizes at about 
300°C, it is necessary to mix a small amount of a base, such 
as CaO, with the sample before ignition, hopefully to retain 
the boron in the sample as the basic oxide. However, due to 
the intrinsic inadequacy of the mixing process, some boron 
invariably is volatilized. 2) all basic salts contain 
considerably more contaminating boron than neutral or acid 
salts. Sodium hydroxide, for example, contains 2 ppm boron. 
Besides introducing contamination, the base helps to leach 
out boron from the container. Both porcelain and platinum 
contribute significant amounts of boron on ignition. 3) when 
working in the nanogram range, dust from the air can be a 
significant source of error especially during the cooling 
of the ashed material. If the ignition is carried out in a 
muffle furnace, one must keep in mind that boron can 
volatilize from the furnace walls, sweep over the crucibles 
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and condense on the alkaline plant ash (66, 6 7 ) .  4) One 
final source of error is the contamination of reagents with 
small amounts of boron, the degree of contamination varying 
from one batch of reagents to the next. This error usually 
can be circumvented by preparing sufficient reagent for all 
intended analyses and using appropriate blanks. 
Previous workers have negated their results by not 
appreciating 'the difficulties mentioned above. Thus Bowen 
_et a^, (53), in an attempt to determine the amount of boron 
in their nutrient solution, evaporated a liter of solution 
to dryness without adding sodium hydroxide to retain boron 
as the borate salt. However, with extremely dilute solutions, 
when evaporation may take an hour or more, it is possible to 
lose all boric acid by volatility, unless base is added to 
retain it ( 6 6 ,  6 7 ) .  
Eyster (57) found that Nostoc muscorum became chlorotic 
in boron deficiency but no effect on chlorophyll content was 
discernable in Scenedesmus. It is believed that the above 
results prove definitively that boron, at a concentration of 
- 6  5 X 10~ ppm, is not essential to the growth of Scenedesmus. 
The necessity of boron at lower levels must await further 
studies. 
The fact that unicellular algae have apparently no need 
for boron contrasts sharply with the substantial requirement 
cited earlier for diatoms. The most profound difference 
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"between these two classes of algae is the silica wall or 
frustule which encloses all diatoms. Of particular interest 
in this respect is the observation that increased amounts of 
silicate in the growth medium of diatoms augments their 
requirement for boron (58). This synergistic effect is highly 
reminiscent of a similar relationship in higher plants 
between calcium and boron (68, 69). Since calcium and sili­
cate are both needed for cell wall synthesis, reports impli­
cating boron in a corresponding role would seem further 
substantiated. Thus, the nonessentiality of boron for 
Chlorella and Schenedesmus may merely reflect their lack of 
a requirement for calcium (70) and, hence, some cell wall 
component. The latter element is usually associated with 
pectins which are localized in the middle lamella of the 
cell wall (71). However, Northcote _et a2. (72) reports that 
not only are there no pectic substances associated with the 
cell wall of Chlorella but also no middle lamella. Thus, 
if boron and calcium are both involved in cell wall dynamics, 
then the above observation explains their nonessentiality 
for certain algae. 
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C. Variation in Concentration of Chlorogenic and Caffeic 
Acids during the Onset of Boron Deficiency in Sunflower 
1. Introduction 
A characteristic lesion, indicative of boron deficiency 
in many plants, is the appearance of necrotic areas in which 
a blue-white fluorescence is often detected (73). In 1956, 
Perkins and Aronoff (74) reported that in sunflower the 
fluorescence was due primarily to caffeic and chlorogenic 
acids which accumulated in the leaf blade immediately adja­
cent to the necrotic areas. Examination of boron deficient 
sunflower stems and petioles revealed an intense browning of 
conducting tissue, possibly the result of polyphenoloxidase 
activity on excess phenols. It seemed logical to postulate 
that the increase in phenols, while perhaps only a secondary 
manifestation of boron deficiency, may cause the symptoms 
seen in the growing tip. The fact that both phenols are 
ubiquitous among higher plants (75) suggested that such a 
basis of deficiency symptoms might have far reaching signi­
ficance. Thus, the following kinetic study was undertaken 
to determine when caffeic acid and chlorogenic acid reached 
their peak concentrations in the shoots of boron-deprived 
sunflowers. 
2. Materials and methods 
Sunflower seeds (Helianthus annuus L. var. Mammoth 
Russian) were germinated in quartz sand kept moist with 
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distilled water. Uniform seedlings were transferred to 
quart Mason jars containing Hoagland's solution No. 1. 
Plants were grown in a Sherer growth chamber, having a 14-
hour day at 90°F and a night temperature of 6$°?. The 
light intensity was l600 ft-c at the leaf surface 
using Sylvania VHO daylight fluorescent lamps as measured by 
a Gossen light meter. Five days after transferring to Kason 
Jars, 20 plants, 2 per jar, were selected for the experiment 
and half were removed from boron. On the day of sampling, 
corresponding portions of 2 B- plants and 2 B-r plants were 
weighed, then homogenized separately in a Ten-Broeck with 
95^ ethanol. After removing debris by centrifugation, the 
supernatant was applied directly to a Whatman 3mm filter paper 
sheet (6" x 8") as a band and developed ascending by in 2.% 
aqueous acetic acid. The resulting fluorescent bands of 
caffeic acid (CA) and chlorogenic acid (CGA) were cut out, 
eluted with 50^ aqueous ethanol, and the eluate concentrated 
to a small volume (both cis and trans bands were eluted). 
The eluates were reapplied to Schleicher and Schuell acid-
washed filter paper #589 (6" x 8") and developed in n-
butanol/HOAC/HgO (4:1:5), organic phase. Subsequently, 
the phenols were cut out, eluted with water and their 
concentrations determined using the Folin Phenol Reagent 
(76). The R^'s of CA and CGA in 2.% aqueous acetic acid, 
when chromatographed with a plant extract, are 0.30, 0.37 
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for CA and O. 85  for CGA. In the organic phase of n-butanol/ 
HOAc/HgO, CA = 0.85; CGA = 0.66. 
3. Results and discussion 
The results are tabulated in Tables 4 and 5 and depicted 
graphically on Figures 1 and 2. One set of B+ leaves and 
tips was lost from day 15 during manipulation, No tips were 
analyzed on day as they were too small for analysis. 
Each point on the graph represents the average of 2 deter­
minations. The ratios shown in the figures have an experi­
mental error of i 9^. 
With regard to the figures, the following points should 
be emphasized, l) While both CA and CGA increase during 
boron deficiency, CA is considerably more concentrated. 
This is of particular interest since the CA seems quite 
injurous to sunflower tissue. This became apparent during 
feeding experiments in which dilute solutions of purified 
CGA produced negligible browning of a cut stem surface after 
1/2 hour contact while equivalent concentrations of CA gave 
immediate browning. Any browning by CGA may have been 
caused by its hydrolysis to CA at the stem surface. 
Runeckles (77) encountered similar browning problems when 
feeding CA into tobacco leaf discs. It is also noteworthy 
that in sliced fruit Corse (78) found CA to brown faster 
than CGA even though the former oxidizes slower. Since the 
cut surface of a stem must have broken cells and hence. 
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Table 4, Variation of caffeic acid and chlorogenic acid 
in sunflower leaves 
Day 
Caffeic acid Chlorogenic acid 
(lig/mo; fr wt) (, fr vrt ) 
B— Bt" B— 3"r 
1 1.26 0.58 1.26 0.67 
4 1.03 0.73 1.24 1.14 
6 0.60 0.75 0.58 0.91 
9 2.05 0.38 0.86 0.47 
12 1 .83 0.67 1.30 0.63 
15 0.42 2.13 0.28 1.85 
Table 5- Variation of caffeic acid and chlorogenic acid 
in sunflower tips 
Caffei c acid Chlorog' enic acid 
( uR/ms; fr wt ) (ug/mg fr wt ) jjay B- B-r B- B+ 
1^ 
4 0.25 0.23 0.37 0.29 
6 0 .09 0.14 0.20 0.22 
9 1.19 0.16 0.58 0.22 
12 2.6l  0.27 0 .8l  0 .34 
15 0.89 0.94 0.50 1.13 
^Tips on day 1 were too small for analysis. 
Figure 1. CA/CGA ratios in B+ and B- sunflower tips. 
Figure 2. CA/CGA ratios in B+ and B- young leaves of 
sunflower. 
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liberated oxidase, it would appear that CGA is not an 
effective substrate for sunflower polyphenoloxidase. 
Moreover, as a depside, it probably cannot penetrate cell 
barriers as easily as CA and, therefore, one would expect it 
to be less destructive to the cell. Thus, the maintenance 
of a normal equilibrium between CA and CGA, which is about 
onerone in healthy tissue, is critical to life processes. 
When this equilibrium is violated, CA increases to levels 
incompatible with life. Undoubtedly, many factors operate 
in the cell to preserve the normal CA/CGA ratio. To mention 
only a few, the level of reduced ascorbic acid is known to be 
quite critical in preventing browning both vivo and in 
vitro (78, 79). Furthermore, one should not overlook the 
possibility that boron itself, by virtue of its ability to 
chelate o-dihydroxy phenols, may be involved directly in 
regulating the enzymic relationships of this equilibrium. 
2) The kinetics experiment covered a two week period, one week 
before and one week after the onset of B- symptoms. As shown 
on the figures, symptoms were first detected on day 9, with 
the most critical period occurring 2-3 days before and after 
day 9- 3) The buildup of CA occurs first in the leaves and 
then in the tip. This supports the hypothesis that CA 
increases first in the leaves and then is translocated to the 
tip. 4) The fact that B- symptoms are evident in the tip 
before the peak concentration of CA is reached indicates that 
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the young growing tissue of the tip is extremely sensitive 
to CA. 5) Comparison of the absolute values of CA per mg 
fresh weight of normal and deficient leaves and tips shows 
that normal tips have about 0.3 ng CA/mg fresh weight while 
normal leaves have 0,8 ^g CA/mg. Day 9 represents a 4-fold 
increase in this value for tips and a 2.5-fold increase for 
leaves while day 12 represents a 10-fold increase for tips. 
In other words, normal tips have low levels of CA as com­
pared to leaves and, therefore, one would expect them to be 
more sensitive to this phenol. 6) The phenol ratio drops 
almost as rapidly as it rises, a phenomenon attributable to 
cell death. ' 
The above experiment lends support to the hypothesis 
that CA causes death of the growing tip of B- sunflower plants 
whose subsequent melanin-like oxidation products clog conduct­
ing tissues. Thus, the young shoot not only has to overcome 
excess CA but also is slowly starved to death by lack of 
nutrients. 
During the course of this work, a new fluorescent band 
at 0.87 in 5$ aqueous acetic acid was noted only in 
extracts of boron deficient leaves. It was present in lesser 
amounts than caffeic acid and seemed to parallel the increases 
observed in the former compound. It demonstrated an of 
0.55 in n-butanol-acetic acid-water (4:1:5) as compared to 
that of CA = 0.85 and CGA = 0.66 under the same conditions. 
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The substance gave a blue color with the Polin-phenol reagent 
indicating a phenolic nature. An absorption spectrum re­
vealed a single peak at 312 mp, as compared to 328 m^ for CA 
and CGA. Treatment with 2N HCl on a steam bath for 10 
minutes produced two compounds, a fluorescent one at 
0.90 and a non-fluorescent moiety at 0.10 in the butanol 
solvent mentioned previously. During this investigation, a 
compound with properties identical to those described above 
was isolated from B- sunflowers by Zane and Wender (80) and 
identified as gentisic acid-S-g-D-glucoside. 
D. Effect of Intermittent Light on Phenol Kinetics in 
Boron Deficient and Sufficient Sunflowers 
1. Introduction 
While the biosynthesis of anthocyanins in plants has been 
studied extensively and is known to be affected profoundly 
by light, the situation with respect to the phenylpropionoid 
moiety is not as well documented.- The physiology of CGA 
formation was examined carefully by Zucker and Ahrens (81) .  
They found that tobacco leaf discs and stem tissue synthe­
sized CGA if the tissue were exposed to light (450 foot 
candles) at 24^0. In darkness, there was no net synthesis. 
Obviously such biosynthetic variability in response to light 
would be a deciding factor in tracer experiments in which 
sampling extends over a period of 24 hours or longer. The 
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following experiment was intended as a preliminary investi­
gation to determine the effect of alternate light and dark 
periods on the metabolism of CA and CGA in B+ and B- sun­
flower leaves, 
2. Materials and methods 
Plants were germinated and transferred to Mason jars as 
described previously. Growth conditions were identical to 
those given in Section C, Three weeks after transfer to 
Mason jars, 12 uniform plants, 2 per jar, were employed for 
the experiment. Half of these were transferred to B-
nutrient. After 5 more days of growth, all leaves were 
removed from the plants except the young leaves at the tip and 
one set of mature leaves two nodes below the young leaves. 
Leaves were removed with a razor blade and the cut surfaces 
were sealed with petroleum jelly. 
The 12 plants were then arranged randomly on a plastic 
platform so that a plastic cover, 20" x 20" x 20", fitted 
with gas inlet and exit tubes, could be placed over them. 
The lid was sealed to the platform with modeling clay and the 
gas ports were connected with a finger pump, a COp generator, 
and a G—M tube as described by Aronoff (82). High specific 
activity ^^COg, generated by the action of 10$ HCIO^ on BaCOg 
(50 mc/mM), was circulated through the system until 98^ of 
the initial pulse of activity had been consumed (^ 3-k hrs. ). 
Plants were fed under a bank of 8 daylight fluorescent lamps 
35 
providing $00 ft-c at the leaf surface. The feeding 
was terminated, the plants were removed from the chamber and 
a sample was taken immediately. Subsequently, the plants 
were transferred to the growth chamber and the photo-period 
indicated in Figure 3 was Initiated. Samples were taken 
kinetically by leaf punches, 1.2 cm in diameter. A sample 
from the two sets of leaves, young and mature, consisted of 
12 punches taken randomly, 2 punches per plant with each 
punch representing^a different leaf. Thus, each point in 
Figure 3 represents 12 young or mature leaves from 6 plants. 
The punches were extracted with 95^ ethanol in a Ten-
Broeck homogenizer at room terrperature and, after centrifuga-
tion, the supernatant was banded onto Whatman 3mm filter 
paper and chromatographed ascendingly in 10$ aqueous acteic 
acid. The resulting bands of CA and CGA were marked by their 
fluorescence, cut out, and sewed by machine onto a clean piece 
of 3mm filter paper (6" x 7") for rechromatography. With 
repetition of this process, the following solvent schedule 




(4:1:2.2) = 0.85 (4:1:2.2) = 0.40 
chloroform/i-propanol/water chloroform/i-propanol/water 
(3:7:2) R^ = 0.46 (3:7:2) H., = 0.30 
benzene/propionlc acid/water nethylisobutyl ketone/formic 
(16:30:$) Ra = 0.45 acid/water 
(14:3:2) R^ = 0.35 
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The regime above purified the phenols to constant 
specific activity. Whatman 3mm paper was found to give the 
best separation of all papers tested, including Scheicher and 
Schuell #589 paper. The last chromatography was carried out 
on paper which had been washed with double distilled water 
and 30^ aqueous methanol to remove salts. Bands were located 
by fluorescence, cut out and eluted with water together with 
a corresponding blank. The Polin phenol reagent was used for 
quantitation. Radioactivity was determined in a Packard 
Tricarb Model 526 liquid scintilation counter using 15^ 
aqueous scintillant whose composition was as follows: 
1.4-bis-2-(5-phenyloxazolyl) benzene (POPOP) 0.3 g/1 
2.5-Giphenyloxazole (POP) 6.0 g/1 
naphthalene 100.0 g/1 
The efficiency for was 70$. All specific activity values 
have an experimental standard error of ± 5$. 
3 .  Results and discussion 
The results depicted in Figure 3 should be compared with 
results obtained under continuous illumination. Figures 6 and 
7 for young leaves and Figures 12 and 13 for mature leaves. 
One should bear in mind, however, that the latter figures 
refer to plants 2^ weeks younger than plants in the present 
experiment. 
It seems apparent that OA in young leaves is affected 
very little by the intervening dark period. In view of the 
Figure 3- Variations introduced into the kinetics of CA 
and CGA in B-r and B- young and mature sunflower 
leaves oy alternating light and dark periods. 
Plants were fed for 3i hrs. The time of 
removal from the feeding chamber is designated 
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very slow tiirnover of CA in sunflower and its large pool 
sizeJ approximately 0.9^ of the dry leaf weight, this 
finding is not surprising. Hence, a considerably longer 
dark period would be required to show significant variation. 
By sharp contrast, the mature leaf kinetics of CA demonstrate 
a sharp decrease in activity in response to the final light 
period, a phenomenon suggesting a greater light sensitivity 
of some factor(s) controlling the turnover of this phenol. In 
mature tissue, such a disturbance could be caused by increased 
translocation and/or an actual jnetabolic response to light. 
In any event, this result indicates a more active role for 
CA in mature leaves than is presently envisioned. 
The metabolism of CGA is more difficult to interpret 
owing to the fact that the observed specific activity is the 
sum of two activities, that of the quinic acid plus that of 
the CA. Unfortunately it was not possible to determine the 
activities of the moieties because of insufficient sample. 
It is obvious, however, that CG-A from B+ leaves suffers a 
rather abrupt drop in activity in response to darkness or 
i.e. respiratory conditions. It is probable that the sub­
sequent rise in activity is due to a factor other than 
light since the specific activity of B+ mature leaves is 
rising before light is restored. It is interesting to note 
that even though the B- plants were not showing deficiency 
symptoms, there is a marked difference in the CG-A kinetics 
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of B- and B+ leaves. In spite of the dark period, CC-A 
continues to increase in the dark in B- young leaves while in 
B- mature leaves there is a slow decrease. This exemplifies 
a commonly observed phenomenon of B- tissue, namely that the 
total soluble activity in the 80^ ethanol extract diminishes 
very slowly in boron deficiency as if the metabolism of sol­
uble substances were frozen. 
The changes observed in CGA can probably be understood 
best in terms of•quinic acid. In subsequent experiments, it 
will be shown that quinic acid has a more rapid turnover than 
CGA-caffeic acid and hence would be expected to respond more 
quickly to changes in light intensity. Moreover, quinic 
acid may be a better respiratory metabolite than caffeic 
acid. On the basis of this experiment alone, it is impossible 
to draw any conclusions concerning the exact relation(s) 
between light and phenylpropionoid metabolism. The problem 
of distinction between the indirect influence of photo­
synthesis and the direct photomorphogenic influence of light 
is a formidable one. At the present time, evidence indi­
cates that the effect of light is probably indirect. Thus, 
Zucker (83) has shown that, in potato tuber tissue, the stimu­
lation of CGA synthesis by light depends largely on the 
synthesis of proteins. Similarly, in leaf tissue, Thimann 
and Radner (84) found that anthocyanin formation is parti­
cularly sensitive to protein inhibitors such as ethionine. 
Taylor (85) found a 50$ variation in the level of CGA in 
Xanthium shoots kept on long and short day treatments, but 
attributed this to photosynthetic effects. In this connec­
tion, it should be mentioned that photoperiodic flower 
induction is preceded by a marked rise in CGA and its isomers 
and is followed by an abrupt drop (86). At present, it is 
not known whether this is a true light effect or merely a 
photoperiodic alteration of phenolic enzymes. 
While present evidence weighs against a direct involve­
ment of visible light in phenol biosynthesis, the possibility 
of metabolic controls being induced by ultraviolet light 
through cis-trans isomerizations should be considered. The 
synthesis of coumarin in sweetclover, for example, proceeds 
via a non-enzymatic W-induced trans to cis conversion (S?). 
It is not inconceivable that cis-trans equilibria of other 
cinnamic acid derivatives may be controlling factors in their 
metabolism and growth regulator functions. With regard to 
the latter, it is noteworthy that substituted cis-cinnamic 
acids are strongly active as auxins while the trans forms 
exhibit strong antiauxin effects (88). This is an area of 
research that should receive more attention. 
In the present experiment, the photodynamics of CA and 
CGA indicate that the normal photoperiod of sunflower will 
introduce significant variations into the kinetics of these 
phenols, especially CGA. It is concluded that if one wishes 
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to maintain steady state conditions, then continuous illumin­
ation should be employed during experiments on these phenols. 
E. Respiratory Metabolism of Caffeic and Chlorogenic Acids 
in Boron Deficient and Sufficient Sunflowers 
1. Introduction 
It has been noted that chlorogenic acid responds 
quickly to changes in light intensity, a finding attributed 
tentatively to the rapid dark metabolism of quinze acid. 
Few investigations on the metabolism of phenylpropanoids or 
quinic acid in higher plants are known. Indeed, most of our 
knowledge on the metabolism of quinic acid in plants is 
presumed by analogy with microorganisms. The following 
experiment estimated the magnitude of the effect of boron 
deficiency on the dark metabolism of CA and CGA, expecially 
the quinic acid moiety of CGA. 
2. Materials and methods 
The procedures employed were essentially identical to 
those of Section C, except that after feeding COg, the 
plants were transferred to the Sherer growth chamber and kept 
in the dark for the duration of the experiment. Samples 
were taken at the times indicated in Figure 4. A sample 
consisted of four intact young or mature leaves taken from 
as many plants. This was necessary to insure enough CGA for 
hydrolysis and subsequent analysis of the moieties. The 
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purification of CA and CC-A was carried out as described 
previously. After analysis of CGA, the remaining aqueous 
eluate was concentrated to dryness in vacuo at 30°C to 
minimize decomposition, The CGA was hydrolyzed by a slight 
modification of the method of Levy and Zucker (89). The CG-A 
in a 20 ml scintillation vial, was dissolved in 0,25 ml of 
water and 0.20 ml of 0.1 M phosphate buffer pH 7.0. To this 
was added 0,1 ml of an enzyme solution prepared from commer­
cial "Pectinase".(Nutritional Biochemical Corp.). The vial 
was sealed and incubated for 6 hours at 25°C in the dark to 
prevent photodecomposition. The reaction mixture was then 
acidified with concentrated hydrochloric acid and banded onto 
a VJhatman Snim paper sheet, 6" x 9". After ascending chromato­
graphy in 10^ aqueous acetic acid, the trans-OA band was cut 
out and sewed onto a new piece of paper as described previously. 
The CA band was chromâtographed in the n-butanol/ethanol/ 
water and benzene/propionic acid/water solvents and then 
analyzed in the usual manner. The activity of quinic acid 
was determined by difference. The latter, while being 
easier, was also necessary since commercial "Pectinase" was 
found to contain large amounts of quinic and shikimic acids 
which could not be removed completely by dialysis. 
3 .  Results and discussion 
One of the most striking features of Figure 4 is the 
difference between free CA and the caffeoyl moiety of 
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chlorogenic acid which shall be referred to as ester-ified 
caffeic acid (e-CA). This difference is especially pro­
nounced in the matière leaves and indicates quite clearly the 
existence of more than one pool of CA in sunflower leaves. 
The currently accepted pathways of phenolic biosynthesis 
presume that e-CA gives rise to free CA but the inter­
relationships are obviously more complex than this {77j 90, 
1 li 
91). Also noteworthy is the greater incorporation of ~ "C 
into B+ phenols in both young and mature leaves. Since net 
synthesis is occurring, it seems apparent that one or more 
respiratory paths is operating at reduced efficiency in B-
plants. 
With regard to the moieties of CGA, Table 6 demonstrates 
some interesting correlations. 
Table 6. Percentage contribution of the moieties of CGA to 
its total specific activity 
Young leaves Mature leaves 
B-r B- B-i- B 
e—CA Q e-CA Q e-CA Q e-CA 
82$ 18^  88^  12^  64^  36^  86^  14^  
86^  . 14^  94^  80^  20^  920 8# 
95^  5^ 81^  19^  85^  15^  83^  17^  
= quinic acid. 
Figure 4.  Kinetics of CA and CGA in B+ and B- young and 
mature leaves under respiratory conditions. 
Plants were fed in the light, and 
immediately placed in the dark at 70 C. T = 0hrs 











































CA -CAFFEIC ACID 




_ O £± 
8 12 
TIME (HOURS AFTER FEEDING c'^ Og) 
In both young and mature 3+ leaves, quinic acid is 
undergoing a steady increase in activity while in B- leaves, 
an analogous correlation is seen but the turnover of quinic 
acid is faster. Furthermore, the significant increase in B-
e-CA suggests a possible metabolic precursor-product relation 
between quinic acid and e-CA although an interdependence is 
strikingly apparent for free CA and quinic acid in mature 
leaves. The fact that certain 'differences and correlations 
are more distinct in mature leaves may indicate a greater 
metabolic simplicity in fully differentiated tissue. 
Metabolic routes functioning in young expanding leaves may 
become inoperative as maturation progresses. The presence 
of such striking differences in mature leaves is in itself 
a novel discovery since mature leaves are currently believed 
to be unaffected by boron deficiency. While fully expanded 
B- sunflower leaves do not show deficiency symptoms, they 
nevertheless appear more turgid than the corresponding normal 
leaves. 
As mentioned earlier, the functional significance of 
quinic acid in plants is not clear. It has been found in 
many plants and in several parts of the same plant as the 
free acid. Its esters are also widely distributed, the most 
common one being CGA (92). In view of its obvious importance 
to the present investigation, attempts were made to isolate 
free quinic acid from young sunflower leaves using a 
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combination of electrophoretic and chromatographic techniques. 
However, none could be detected in 30 grams, fresh weight, of 
leaf tissue. Hydrolysis of the phosphorylated fraction with 
Schwartz's "Polidase" and subsequent chromatography in 80^ 
aqueous phenol revealed no quinic acid (R^ 0.40 in ascending 
development). It is quite possible that its detection may 
require kilogram amounts of tissue. While it cannot be found 
free, it is present in sunflower in esterified form in fairly 
large quantities .as CGA (about Vfo of the dry weight), and in 
smaller amounts as neochlorogenic acid (5-0-caffeoylquinic), 
isochlorogenic acid (a mixture of 3 di-O-caffeoylquinic 
esters) and 3-0-feruloylqulnic acid (93). 
At the present time, quinic acid is considered to have 
only indirect involvement in aromatic biosynthesis in plants, 
a conclusion predicated by work on microorganisms . The 
above results suggest, however, that quinic acid may play a 
more direct role in plants, an observation substantiated by 
Weinstein _et a^. (94) who found that rose plants incorporated 
1 
"C-quinate into phenylalanine and tyrosine faster than into 
shikimate. Further work by Weinstein _et (95) on the 
respiratory fate of C-l4-quinate in various plants showed 
that after 48 hours metabolism, it was converted predominantly 
in to shikimate, tyrosine, and phenylalanine but some 
activity was also found in other amino acids and organic 
acids. The latter may arise, at least partially, from the 
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re-incorporation of COp since some of the plants metabo­
lized almost 50/^ of the quinate to COg. However, it is 
apparent that other pathways for quinate metabolism exist in 
the plants studied. Zucker and Levy (89, 96) have presented 
contradictory evidence regarding the role of quinate in 
potato tuber discs. At pH 4.5, quinic acid stimulated CG-A 
synthesis whereas shikimate did not but the reverse situation 
was found at a pH of about 8, Clearly, this should be 
reinvestigated. . 
The fate of CA under dark conditions has not been 
studied. Presumeably, with the exception of the meristem, 
lignification can occur, to a greater or lesser degree, in 
the walls of virtually any cell in the plant including those 
of the roots and root hairs (97, 98) but nothing is known 
about the extent to which this process is dependent on 
illumination (99, 100, 101). The role of CA in mature 
leaves is even more obscure since lignification has 
supposedly ceased. Conceivably, CA might be degraded via 
ring cleavage to acetate and fumarate but the significance 
of such a catabolism in higher plants has not been 
ascertained (102). 
The above investigation suggests a more than passive 
role for quinic acid in aromatic biosynthesis and shows that 




F. The Fate of Acetate-U- C and its incorporation into 
Polyphenols in Normal and Boron Deficient Sunflowers 
1. Introduction 
Some 70 years ago. Collie (103) suggested that aromatic 
rings might be formed by a head-to-tail condensation of 
acetate units. This suggestion remained largely forgotten 
until Birch and his collaborators (104, 105, 196), presented 
elegant tracer experiments to support the hypothesis. Many 
compounds of fungal origin have now been shown to arise from 
acetate (107) but, in higher plants, only the A ring of 
flavanoids has been shown to originate in this manner (23). 
Reid (108)  has found that phenylalanine-gives rise to 
ill 
activity only in the caffeoyl moiety of CGA whereas 'COg 
labels the quinic acid predominately. This, together with 
the already apparent existence of more than one pool of OA, 
suggests that there may be functional routes to aromatics 
in sunflower other than the shikimate pathway. The following 
experiment tested the possibility of an acetate pathway 
operating in the biosynthesis of OA and CGA in B-r and B-
sunflower shoots. 
2. Materials and methods 
Sunflower plants were germinated and grown as described 
in Section C. Two-week old plants were segregated into jars 
containing B+ and B- nutrient solutions and, after 36 hours, 
a B- and a Bt plant whose shoots were of similar size were 
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selected. The plants were Immersed in water and the stems 
severed obliquely with a razor blade about two inches below 
the shoot. The cut shoots were then placed into 12 ml 
conical polypropylene centrifuge tubes which had been sawed 
previously in half to accommodate the shoot height. Each 
tube contained 100 ^ c of sodium acetate 22,0 mc/ml'/I 
(Nuclear Research Chemicals, Inc.) in 100 ^ 1 of B- water. 
The tubes were secured to the bottom of a petri dish by 
modeling clay and placed under a bank of 8 daylight fluores­
cent lamps delivering 800 ft-c at the leaf surface. The 
shoots normally absorbed the acetate solution within 10 
minutes at which time another 100 m of plain B- water was 
added. This process was repeated once more and finally, 2 ml 
of B- water and 2 ml of distilled water were added to the B-
and Bt- shoots respectively. The first sample was taken at 
this time, about 30-40 minutes after the bulk of the acetate 
had been taken up. This time is designated as zero minutes 
in Figure 5. 
Samples were taken with a No, 3 cork borer of 0,7 cm 
inside diameter, 4 punches per sample. Each sample was 
extracted for two ten-minute periods in boiling 80^ aqueous 
ethanol followed by two fifteen-minute extractions in hot 
water. The 80^ ethanolic extracts for each sample were 
pooled and extracted five times with Skelly E. One hundred 
microliter aliquots of the resulting two fractions were 
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plated onto glass planchers and the activity determined on a 
Baird-Atomic Abacus G-M scaler. Model 123 having an efficiency 
of 6^2 for ^~C. Each delipidated 80^ ethanol extract was 
concentrated ^  vacuo, then banded onto a Whatman paper-
sheet (6" X 9") and the separated CA and CGA bands purified 
chromatographically as described previously (Section D). 
To conserve the CGA samples, quantitation was done spectro-
photometrically by measuring the absorption of the aqueous 
eluates at 328 m^ using a molecular extinction coefficient of 
7300.  
The aqueous extracts for each sample were pooled and the 
activity determined as mentioned above. Samples were con­
centrated ^  vacuo and banded onto 2-g" x 13" strips of Whatman 
No. 4l acid washed paper. The origin of each strip wa.s 
counted under a G-M tube and subsequently subjected to electro­
phoresis in 5^ aqueous acetic acid for 12 hours using a 
hanging strip apparatus of the Shandon Scientific Company, 
London. Six strips of paper, run simultaneously, produced a 
current of 3^ ma at 120 volts. Following this, strips were 
dried and the activity at the origin determined as before. 
The lower 5" of each strip on the cathode side was cut off 
and a new strip of corresponding length sewed in its place. 
The resulting strips were electrophoresed in 0.05 M tris, 
pH 10.5, at 120 volts and 4,5 ma for 12 hours. They were 
then dried and the activity at the origin of each strip 
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determined. It is assumed that the activity lost from the 
origin in 5^ acetic acid represents protein while the 
activity lost from the origin in acetic acid represents 
protein while the activity lost in tris is due to pectic 
materials. Hence, the activity finally remaining 
at the origin should be due to starch. 
The residues remaining after the water extraction 
were rinsed a few times with 95^ ethanol and press-dried 
overnight on blotting paper. The dried discs were counted 
directly by placing them in a scintillation vial. A toluene 
scintillent containing 0.3 g POPOP and 5 g POP per liter of 
toluene was employed. This mode of counting was assumed to 
have an efficiency equivalent to that obtained for filter 
paper, about 50^  (109). 
3. Results and discussion 
The data presented in Figure 5 and Tables 7 and 8 are 
the resultant of three identical experiments. Table 6 
l4 1 demonstrates the distribution of C over a period of la­
bours. Particularly noteworthy is the Sfo greater incor-
poration of 'C into the Skelly extract of B- tissue. This 
could represent an increased synthesis of either chlorophyll, 
carotenoid, or phospholipid or perhaps all three. In any 
event, since the choroplast is the site of synthesis for all 
of these (llO, 111), the accumulation of osmeophilic material 
noted in electron micrographs of B- chloroplasts seems 
Figure 5. Kinetics of caffeic and chlorogenic acids 
in B+ and B- young leaves of sunflower shoots 
fed acetate-U-C-l4. Leaves were sampled 
30-40 minutes after the acetate was taken 
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Table 7- Distribution of in acetate-
and B- sunflower plants 
là 
1-2-^ 'C fed 3+ 
Sample 
1 à 
Total - 'C 
per Sample 
DPM X 10^ 
Water 
Extraet 
DPM X 10^ 
Skelly 
Extract 
DPM X 105 
Delipidated 
8O0rEtOH 
Extract ^  
DPM X 10° 
Residue 
DPM X 10^ 
B-r 1 6 .83 1 .95 6 .56  4 .10 1.17 
3+ 2 10.3  2 .50 6 .65  6 .98  2 .29 
3 13.9  2 .66 27 .6  8 .24 2 .42 
B^ 4 14.2  2.16 33.2  8 .38  3 .62 
B-r 5 18.8  1 .69 28.4  13 .8  4 .35 
B-r 6 24.0  4 .30 19 .1  17 .2  5 .80  
Average <fo 
of total 17.3# 13.80 66.70 2 .200 





2 .34  27 .0  6 .93  1.33 
B- 3 16.2  2 .52 31.4 10.4  1 .52 
B- 4 18.1 2.86 46.7  10 .3  2 .86 
B- 5 23.4 2.92 49.6  15 .1  4 .40 
B- 6 24.3  4 .00 34.4 16.4  4.74 
Average 
of total ^14, 16.50 19.70 62.30 1 .490 
57 
Table 8. Percent distribution of C in water extract of 
l4 
acetate-1-2- C fed B-i- and B- sunflower plants 
Sample B^ B-
No.  Starch Protein Pectin Starch Protein Pectin 
1 11.8 78.3  9 .93 4l.O 54.3  4.73 
2 14.9 77.8  7 .36 38.2  55.7  6 .17  
3 16.2 67.6  16.2 33.6  56.1  10.3  
4 17.8  57.2  29.1  34.3  52.6  13.1 
5 14.4 • 70.1 12.1 18.6  63.7  17.7  
6 13.7  67.3  18.3  25.1  62.2  12.7 
Average 14.8  69.7  15.5  31.8  58.9  10.8  
substantiated (6). Table 8 points out some interesting 
differences in the fractionated aqueous extracts, the most 
striking of which is the greater amount of starch synthesis 
in B- tissue. This is a further substantiation of the 
findings of electron microscopy (6). In higher plants, 
acetate can only contribute to starch formation by conversion 
of oxaloacetate to phosphoenol pyruvate and subsequent 
reversal of glycolysis under photosynthetic conditions. 
While the operation of a glyoxylate cycle would enhance 
greatly the formation of starch, the requisite enzymes for 
this cycle are usually found only in the specialized tissue 
of fatty seedlings, and, hence, its importance in the present 
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case is questionable (112). It is conceivable, however, 
that boron deficiency, through changes in metabolic patterns, 
may result in the induction of the necessary enzymes for 
reasons currently unknown. 
Form Tables 7 and 8, it should be noted that l) there is 
ill 
a slightly increased percentage of 'C in the B+ residues and 
2) there is a 10$ and 5^  greater radiocarbon content in Bh-
protein and pectin respectively. Examination of the residue 
*1 ll 
kinetics in Table 7 indicates that initially "C from acetate 
is incorporated into B+ cell wall cellulose at a faster rate 
than exists in B- cells. This, coupled with the decreased 
pectin synthesis in B- cells, suggests a generally retarded 
cell wall metabolism in B- sunflower. However, it should be 
emphasized that the rate of cell wall synthesis itself may 
actually be undiminished and the above results may mean that 
1 il 
a decreased amount of C is reaching the B- cell wall 
metabolic pools. The decreased protein synthesis in B-
tissue is probably due primarily to a reduced incorporation of 
^^C-acetate into glutamic acid, proline, and arginine, 
Bilinski and McConnell (113) have shown that acetate labels 
these amino acids preferentially in wheat plants, followed 
by aspartic acid and threonine. Thus, it appears that 
acetate is being recycled more towards starch synthesis with 
a simultaneous decrease in soluble nitrogenous compounds in 
B- tissue. Moreover, transglycosidation reactions involved 
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in the synthesis of cell wall polysaccharides presumably have 
also shifted in favor of starch. It should be noted that 
the total incorporated into B- and B+ tissues leaves 
about 50^ of the administered activity unaccounted for, 
presumably reflecting respired Much of this COg 
is probably trapped and reincorporated and this may account 
for the gradual increase in total activity. In preliminary 
experiments, total activity usually began decreasing after Ig 
hours so that the sixth sample in Table 7 should represent 
the peak activity incorporated. Undoubtedly, much of the 
respired COg is trapped as HCO^ in sunflower owing to the 
rather high pH of its cell sap, pH 7.5- This was determined 
by measuring the pH of leaf extracts in water. The pH values 
for sunflower leaves usually vary from 7-3-7.8. The pH of 
plant extracts is frequently below 4.9 but seldom above 6.0, 
the organic acids making a notable contribution to this 
acidity (ll4). The reason for this unique pH of sunflower is 
unknown. 
Attempts at preparing two-dimensional chromatograms of 
80^ ethanolic extracts resulted in only a few faint spots 
on radioautograms indicating that much of the activity 
applied at the origin was volatile. Since the solvents 
employed were 80$ aqueous phenol and n-butanol/butyric acid/ 
water (2:2:1), volatilization of either HCOg or acetate in 
the last solvent could account for the loss of activity. 
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That the volatile component was HCO^ and not unmetabolized 
acetate was proven by drying aliquots of the 80^ ethar.olic 
extracts on glass planchets placed on a hot plate at 
then heating to 100°C and determining the loss in activity. 
Sodium acetate is not labile under these conditions. In 
this way, it became apparent that about 10-60^ of the 
activity in the first five B+ and B- delipidated ethanolic 
extracts was due to HCOg, the larger amounts being present in 
the initial samples. There was no obvious difference between 
B+ and B- samples in this respect. The last B+ and B-
samples were completely devoid of HCO^. It is because of the 
above difficulty that two-dimensional chromatograms were not 
prepared in these experiments. 
Figure 5 depicts the kinetics of the phenols in acetate-
fed shoots. The time periods are considerably shorter than 
analogous feedings because if acetate is incorporated 
directly into aromatics, then it should be discernable 
immediately especially with such high specific activity 
acetate. Longer periods of metabolism will render it more 
difficult to distinguish between secondary pathways. From 
the specific activity in Figure it is apparent that the 
initial activity of acetate has been diluted by lO'^-lO^, 
certainly more than one would expect from the operation 
of a direct pathway. Neish and Watkin's work (115) on 
1 the incorporation of acetate-1- 'C into quercetin suggests 
6l 
that a dilution factor of 10-50 would be more reasonable. 
Moreover^ the B- kinetics as well as the kinetics of both 
Bt- and B- free CA are what one would expect if activity were 
entering slowly via the pentose shunt and phosphoenolpyruvate 
i.e. the shikimate pathway. However, the kinetics of B+ 
CC-A and its moieties suggest some interesting possibilities. 
Chlorogenic acid shows a peak of incorporation and a 
turnover primarily from the caffeoyl moiety. While the large 
dilution factor mitigates against an important contribution 
of acetate to the synthesis of this moiety, the rapid 
turnover suggests that a very small pool of CGA may derive 
its aromatic moiety from acetate. Furthermore, this pathway 
appears to be operative in only normal tissue. If one assume 
that each fed leaf of about l80 mg fresh weight contains a 
total concentration of 0.6 of CGA, then the pool fed by 
acetate could be no larger than 0.4-0.5 per leaf. The 
most important result of this is the postulated existence of 
more than one pool of CGA, which should not be surprising 
in view of the previously existence of more than one pool of 
CGA. Indeed, it is conceivable that acetate may be in 
equilibrium with quinic acid as well, since the B+ quinic 
curve appears to have reached a much higher activity prior 
to the first sample. The most striking feature of these 
kinetic curves is the sharp contrast between phenols in B+ 
and B- tissue, indicating major derangements of acetate 
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metabolism only 36 hours after removal from boron. 
Alternative explanations for the activity found in 
the caffeoyl moiety of B+ CGA may be l) preferential incor­
poration of phosphoenolpyruvate into the ring and side chain 
of OA, labeled by a shunting of the Krebs cycle intermediates 
towards sugar and 2) the addition of acetate to a benzoyl 
3,4-dihydroxy derivative to yield the caffeoyl moiety. The 
first alternative can be eliminated since it would be 
l4 
expected to show.a turnover comparable to that found in COp 
feedings, measurable in days and not minutes. The second 
alternative is plausible, since pools of various hydrozybenzoic 
acids exist in higher plants (ll6) and it is possible that 
small amounts of CA might arise in this way. The work of 
Babior and Bloch (117) suggests an interesting third alter­
native. They have found a liver enzyme which catalyzes the 
aromatization of cyclohexane carboxylic acid. The existence 
of a similar system in plants would afford a means of con­
verting quinic acid to a hydroxylated benzoic acid derivative 
with subsequent acetate condensation to form CA. Such 
possibilities deserve more intensive study in plants. 
Admittedly, the hydroxy1 groups in both CA and quinic acid 
are not where one would expect them if the polyacetate 
hypothesis is correct. The hydroxyl oxygen is assumed to 
arise from the carboxyl group of acetic acid and therefore 
should be on every other carbon atom. Birch and his 
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co-workers (104), by studying the distribution of 0 and 
have demonstrated that these difficulties are overcome 
by reactions occurring prior to or after cyclization. Thus, 
reduction of some oxygenated carbons before cyclization 
explains missing hydroxyls while hydroxylation of the benzene 
ring after cyclization accounts for hydroxyls in the wrong 
place. In addition, Lynen (ll8) has shown that polyacetyla-
tion probably does not occur by repeated condensation of 
acetyl CoA vivo but rather by a mechanism similar to 
fatty acid biosynthesis. Thus, 6-methyl salicylic acid was 
synthesized by a soluble preparation from fungi from one mole 
carboxyl-^^C-labeled acetyl CoA and three moles of labeled 
malonyl CoA in the presence of TPNH. The product was labeled 
only in the six position as would be expected if the 
reactants condensed in the added proportions. These studies 
demonstrate the close correlation between fatty acid synthesis 
and the origin of aromatic rings. The main difference between 
the two processes appears to lie in the extent to which 
reduction occurs, following condensation. In view of the 
increased synthesis of lipoidal material in B- sunflower 
leaves and the apparent lack of an acetate pathway, this area 
should be investigated further. 
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G. Turnover of Chlorogenic and Caffeic Acids in Normal and 
Boron Deficient Sunflower Leaves 
1. Introduction 
In a preceding section, the ratio of CA/CGA was shown 
to increase substantially in B- sunflower shoots before 
symptoms were manifested externally. At that time, however, 
it was not known whether the accumulation of phenols was due 
to an increased synthesis or a decreased degradation. More­
over, it would bw desirable to know just how fundamental the 
deranged phenol metabolism is in boron deficiency. Equally 
intriguing is the possibility that fully expanded leaves may 
not be as passive in the phenomena associated with this 
syndrome as is currently envisioned. The following experi­
ments were directed toward these questions. 
2. Materials and methods 
Sunflower seeds were germinated as indicated previously. 
Uniform seedlings were transferred to pint Mason jars, three 
per jar, containing the usual B-r nutrient and then placed in 
the Sherer growth chamber. After two days, 36 seedlings 
having uniform size were chosen for the experiment. Half 
of these were transferred to B- nutrient and, 6 hrs later, the 
B-r and B- plants were fed 0.26 mc of generated from 
BaCOg, 53 mc/mM, as described earlier. After 98$ of the 
lii 
'COg had been incorporated, the lid was removed and the 
first sample taken. This time is designated as t = 0 hours 
and is actually 4 hours after the initial contact between 
the plants and For experiments on young leaves, a 
sample consisted of 6 young leaves per B- and B-r samples 
taken from as many different plants. The total fresh weight 
of leaf material was determined by rapidly weighing on a 
torsion balance. Each sample was then extracted with 95^ 
ethanol at room temperature and centrifuged to remove debri.'-
The debri was re-extracted with 95^ ethanol to ensure complete 
removal of all soluble material and the combined supernatants 
were banded onto a Whatman 3mm filter paper sheet (6" x 9"). 
The crude extracts were chromatographed in \Qffo aqueous acetic 
acid and the resulting bands containing the cis and trans 
isomers were cut out and subjected to the solvent schedule 
given in Section D. It should be mentioned that in chromato­
graphy of crude extracts as the above, the separation into 
cis and trans isomers occurs only slightly in the case of CA 
and not at all in CGA. The other experiments on young 
leaves were carried out as explained above except that the B-
plants were deprived of boron for 20 hrs and 36 hrs respec­
tively. 
The experiments above were performed on young primary 
leaves, that is, the first set of leaves to appear after the 
cotyledons. To preserve some degree of continuity in these 
experiments, the primary leaves were allowed to mature and 
were then used for studies on phenol kinetics. In other 
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words, the young and mature leaf experiments were carried out 
on the same leaf but at the extreme stages of its development. 
For mature leaf studies, 50 seedlings were transferred to 
pint Mason jars containing B+ nutrient. Plants were allowed 
to grow until the young leaves one node above the primary 
leaves were roughly half expanded. At this stage, the pri­
mary leaves were considered to be fully matured. Thirty-
two plants were chosen for their uniformity, the half expanded 
leaves were severed by razor blade at the stem petiole 
junction and the wounded areas covered with petroleum jelly. 
The cotyledons were also removed in a similar manner. Half 
of the plants were then transferred to B- conditions and 9 
hrs later the B- plants were fed 0,40 mc of generated as 
mentioned above. The plants were arranged 2 per jar and were 
positioned so that leaves did not shade one another. After 
photosynthesis in for 4 hours, the chamber was removed, 
plants were transferred to the growth chamber and samples 
taken immediately. Since each plant had two mature primary 
leaves, a sample consisted of one punch from each of the 
mature leaves for a total of 32 punches per sample repre­
senting l6 plants and 32 leaves. Punches were taken with a 
#4 cork borer (0.9 cm diameter). A sample of 32 such leaf 
discs was found to have a fairly uniform fresh weight of 
about 360 mg over the course of the experiment. Immediately 
subsequent to feeding the B- plants, the corresponding set 
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of B-r plants was also fed and sampled In a manner identical 
to the B-. The other two experiments on mature leaves were 
carried out as explained above except for the indicated change 
in the length of time on B- nutrient. Mature leaf samples 
were extracted and chromatographed as described above for 
young leaves. In addition, in view of results from a pre­
ceding experiment, plants were maintained under continuous 
illumination. 
1 li 
For purposes of comparison, the total C in each 
sample was determined for both young and mature leaf samples. 
_ ill in this way, variations due to "C incorporated could be 
eliminated. Aliquots of supernatants were plated onto 
copper planchets and counted under a G-M tube while residue 
activity was determined in a manner similar to that used for 
BaCOg (82). 
All samples were purified to constant specific activity. 
Chlorogenic acid samples were hydrolyzed by the pectinase 
preparation as described in Section E. Specific activities 
were also determined as explained in the latter section. It 
will be noted that there are more points for B-f kinetics than 
for B-. The reason for this is that each B-i- curve is the 
result of 3 experiments while each B- curve represents one. 
Therefore, statistically, the Bt curve should be more repre­
sentative of the population mean. 
The pulse-labeling experiment discussed in this section 
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was carried out as follows. Twelve 3-week old sunflower 
plants, germinated and grown under conditions described 
aboveJ were transferred to separate quart Mason jars and 
half were put on B- nutrient. When the B- plants were just 
beginning to show boron deficiency symptoms, they were 
pulse-labeled with in the following manner. A young 
leaf from each 3- plant was placed in a slot of a rectangular 
plastic box, 21f" x 4 3/4", which had been adjusted to the 
proper height and set in a well-ventilated hood. The top of 
the chamber was fitted with a removable lid to allow for 
insertion and positioning of leaves. The chamber had 6 
slots, 3 on each side, roughly apart but staggered so 
that leaves inserted from opposite sides would not overlap. 
After positioning of the leaves, the petiole-containing slots 
were sealed with Celvacene light weight vacuum grease and the 
lid was sealed in place by the same grease. The lower part 
of the chamber was fitted with gas exit and entry tubes 
situated on a diagonal line at opposite ends of the box. 
The latter tubes were connected by tygon tubing with a COp 
generator and finger pump integrated into the line. The 
leaves were allowed to photosynthesize for 20 minutes in an 
atmosphere containing 1.00 mc ^^COg with lighting provided 
by 3 daylight fluorescent lamps placed 6" above the leaves, 
approximately 800 ft-c. After 20 minutes the lid was removed 
and the leaves were sampled by taking random leaf punches 
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with a #4 cork borer, 6 leaf discs per sample, one per leaf. 
Plants were then placed in the growth chamber and sampled at 
the indicated times. Punches were weighed and extracted in 
the usual manner. However, for the purposes of this experi­
ment, after chromatography in aqueous acetic acid, the res­
pective bands were cut out while the paper was still wet, 
eluted with 95^ ethanol and rechromatographed in n-butanol/ 
acetic acid/water (4:1:5) organic phase. Upon elution with 
water, the specific activities were determined in the usual 
1 A 
manner. The corresponding B-r  plants were fed COp, sampled 
l4 
and analyzed in the same way. The total C incorporated 
was determined for each sample and specific activities 
normalized on this basis. 
All values for specific activities and pool sizes have 
an experimental error of ± 2.% and i; 5^ respectively. 
3. Results ar.d discussion 
Before beginning the analysis of the kinetic data, it 
should be mentioned that numerous other kinetic studies were 
run on the mature and young leaves of plants much older than 
the ones employed in the present study. Although preliminary 
in intent, these initial experiments demonstrated certain 
consistent trends which were also found in the present data. 
Thus, in some cases, where more than one interpretation is 
possible, the fitting of lines to the experimental points 
reflects these trends. 
The solvent systems employed for purification of the 
phenols were evolved during the preliminary experiments 
when it was found that CGA from mature leaf samples was 
extremely difficult to purify to constant specific activity, 
due apparently to the numerous isomeric conjugates of CC-A 
and related compounds present in fully expanded leaf tissue. 
Currently, the most powerful analytical tool for resolving 
these related compounds is column chromatography with silica 
gel but this suffers from the disadvantage of being somewhat 
cumbersome when large numbers of samples are involved. Also, 
silica gel destroys many phenolic compounds, a property 
which is usually overcome by equilibrating columns with 0.5 N 
sulfuric acid. During the present investigation, attempts 
at thin-layer chromatography with silica gel, mixed initially 
with 0.5 N sulfuric acid, proved unsuccessful. Caffeic and 
chlorogenic acids were rapidly converted to purple non-
fluorescent compounds. Hence, silica gel can only be used in 
column chromatography. For the present study, it was found 
that the solvents employed plus the use of a thicker filter 
paper, gave the desired purity. Neutral solvents especially 
seem to possess strong resolving power for phenols of the 
CGA type. With the present solvent systems, it was possible 
to remove 6 to 8 quantitatively minor fluorescent bands 
from mature leaf samples originally thought to be chromato-
graphically pure. Interestingly, these minor impurities could 
not be demonstrated in young leaves, indicating perhaps a 
greater complexity for phenol metabolism in mature leaves of 
sunflower. 
The results of the kinetic studies on young and mature 
leaves are shovm in Figures 6 through 17 and the turnover dat 
are presented in Tables 9 through 12. Turnover rates were 
III 
calculated from the rates of disappearance of 'C from the 
phenol pools according to the method of Zilversmit al. 
(119). The natural logarithm of the specific activity is 
plotted against time and the best straight line, determined 
by the method of least squares, is drawn through the points. 
The slope of this line is the reciprocal of the turnover 
time. The values obtained in the present experiment should 
be considered as approximations since, in boron deficiency, 
it is apparent that pool sizes are not static and, hence, 
steady state conditions do not prevail. 
The present series of experiments constitute a more 
detailed analysis of the early changes in phenol dynamics 
of young leaves than was attempted in Figures 1 and 2 of 
Section C. From Figures 10 and 11, it can be seen that 
while the pool size of CA remains constant during the 64 
hours on B- nutrient, CGA shows a significant increase in 
pool size about 40 hours after removal from boron, the 
ratio of CA/CGA changing from 1.5 to about 0.8. This is 
particularly interesting in view of the corresponding 
increase in CGA in mature leaves (Figures l6 and 17) which 
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Table 9. Turnover values for caffeic acid and chlorogenic 
acid in Bh- and B- young sunflower leaves 
Free caffeic acid Chloroprenic acid 
Sample B- B-
B-r 10 hr 24 hr 40 hr B-f 10 hr 24 hr 40 hr 
^M/gram fresh . 
weight  5 .3  5 .3  5 .3  5-3  3 .62  3 .62  3 .62  6 .6% 
turnover time 
(hrs) 38.2  21.0  18.7  25.7  10.8  10.2  l4 .6  13.5  
turnover rate 
(a.p#/hr) 139 252 284 206 335 335 248 490% 
^Mean values. 
Table 10. Turnover values for the constituents of chloro-
genic acid in B-f and B- young sunflower leaves 
Esterified caffeic acid Esterified quinic acid 
Sample B- 3-
B  ^ 10 hr 24 hr 40 hr B+ 10 hr 24 hr 40 hr 
uM/gram fresh 
weight 3.62  3  .62  3  .62  6 .6& 3.62 3  .62  3  .62  6 .6*  
turnover time 
(hrs ) 44.1 17 .5  26  .6  31 .5  6 .25  5  .45 5  .28  8 .02  
turnover rate 
(mpM/hr) 82.2  207 136 210& 578 665 686 823^ 
^Mean values. 
Figure 6. Kinetics of free CA in B-f and B- young 
sunflower leaves. Plants were fed l^COp for 
4 hrs. The time of removal from the feeding 
chamber is designated as t =0 hrs. 
Figure J. Kinetics of CGrA in B+ and B- young sunflower 
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Figure 8. Kinetics of the quinic acid moiety of CGA in 
B+ and B- young sunflower leaves. 
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Figure 9.  Kinetics of the caffeoyl moiety of CGA in 
B+ and B- young sunflower leaves. 
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Figure 10. Total activity and concentration of free 
caffeic acid per sample of 360 mg fresh weight. 
Values relate to Figure 6. Data for the 10 hr 
and 24 hr B- curves are equivalent to the 40 hr 
B- data. 
CONCENTRATION 
















TOTAL ACTIVITY (DPM) 
XIO^ X l()^ 
Figure 11. Total activity and concentration of CGA 
per sample of 360 mg fresh weight for the 
B+ and 40hrB- curves in Figure 7. Data 
for the 10 hr and 24hrB- curves are 
equivalent to the B+ concentration and the 
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precedes the rise in young leaves, the CA/CGA ratios 
changing from 1.03 for B-i- to O.65 for the 44 hr E- leaves. 
The implications of this increase will be discussed later. 
Turning to the kinetic data for young leaves, it first 
should be noted from Figure 6 that the free CA from 3-
leaves have almost parallel decay curves and demonstrate 
turnover times about half that of the corresponding 3-r 
leaves. This increased degradation and synthesis of caffeic 
acid suggests that one should be able to demonstrate an 
increased incorporation of ~~0 into lignin since this is the 
primary end-product of CA metabolism. In Figure CGA 
demonstrates an entirely different situation. Here, the 
turnover times are essentially the same but the B- curves 
have apparently reached their peak activities before 
sampling was begun. If one examines the kinetics of the 
moieties of CGA (Figures 8 and 9), it can be seen that this 
2-3 hour shift to the left on the time scale is caused by a 
12i 
much more rapid movement of 'C into the quinic acid compon­
ent. Indeed, the turnover rate of the 40 hr B- quinic acid 
curve indicates that at least $0$ times more "^"0 is being 
diverted toward this compound than in normal tissue. The 
reverse situation seems to prevail in the caffeoyl moiety 
where the peak activity is attained first under B-i- conditions 
but once again the turnover rates are greater in B- tissue. 
Taylor and Zucker (120) studied the turnover of the caffeoyl 
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moiety of CGA in young Xanthium leaves by feeding 
^"^C-phenylalanine and cinnamic acid into leaf discs. They 
report a turnover rate of 100 m^M per hour which compares 
favorably with that found for Bt- sunflower leaves, and their 
data indicate a turnover time of about 30 hours. However, 
it is obvious in the present study that the free caffeic 
acid pool is not the same as the caffeoyl moiety of CGA 
although the time-activity relationships do not rule out the 
possibility that the latter may be one of the contributors 
to the free OA pool. In this regard, it is noteworthy that 
the turnover times and rates for these two pools are 
comparable, a fact which necessitates the existence of 
alternate origins of free caffeic acid beside CGA, since the 
former has a pool size almost ^0% greater. The overall 
picture of CGA kinetics presented here demonstrates the 
metabolic complexity of this substance in sunflower tissue 
and, by analogy, perhaps in other higher plants. As a 
unit, it demonstrates an active turnover and yet this turnover 
is a result of the interconversions of its two moieties. 
These may have diverse origins and perhaps are not directly 
related. Obviously, they must possess distinct metabolic 
fates. Also one cannot exclude the very likely possibility 
that the kinetics of CGA represent the average picture of 
more than one pool. If such multiple pools were to contri­
bute unequally to the free CA pool, then at least some of the 
discrepancy between the specific activities of the latter 
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pool and the caffeoyl moiety of CGA would be explained. 
The metabolism of CA and CGA in mature leaves, depicted 
in Figures 12 to 11, presents a more complex picture.' It 
need barely be mentioned that they differ dramatically from 
the situation found in young leaves. Since lignification 
is presumably complete in mature leaves, CA and CGA could 
have only 2 fates: l) translocation to other parts of the 
plant and 2) accumulation as end-products of metabolism. In 
both of these cases, the specific activity of the phenols 
will demonstrate an active turnover but only in the second 
case will the total activity in the pool continue to rise. 
Such a situation seems to exist for 3-r free CA although the 
experiment should be extended another 24 hours to really 
confirm this. The same is true for the 44 hr B- free CA curve 
(Figure 12) which does not demonstrate a turnover during the 
course of this experiment. It is interesting to note that 
whereas the turnover times of the two caffeic acids were 
fairly close in young leaves, they show opposite trends in 
mature leaves. Indeed, in general, the phenol metabolism 
appears to be affected by boron deficiency more adversely 
in mature leaves. The lower turnover rates reflect the 
considerably smaller pool sizes existing in fully expanded 
leaves and, in sunflower, these pools diminish progressively 
in size as the mature leaf ages. With regard to the 44 hr 
B- kinetics, it should be kept in mind that these plants 
showed deficiency symptoms midway through the experiment, 
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Since none of the plants in the young leaf experiments showed 
even remote signs of deficiency, it seems reasonable to 
assume that the changes in the mature leaves not only precede 
those of the young leaves but also may contribute signifi­
cantly to the onset of symptoms in the shoot. In normal B-r 
sterns and petioles of sunflowers, only very small amounts of 
CA can be found, indicating that under normal conditions 
phenols may not undergo appreciable translocation. The 
finding that free CA in B-i- mature leaves demonstrates only 
end-product metabolism suggests that the CA in the stem is 
derived either from a splitting of leaf-synthesized CGA or 
actual synthesis in stem tissue. under boron deficient 
conditions, both CA and CGA are found in the stem and the 
petioles of young leaves. In the present experiments, both 
of these phenols were also found in the B- mature leaf 
petioles. It appears, therefore, that in boron deficiency 
the regulatory mechanisms controlling the translocation of 
these phenols become impaired with consequent indiscriminent 
movement toward the shoot. It should be noted that although 
the B- mature leaves in the present experiments showed an 
increase in pool size, this is not normally observed in B-
plants when the shoot is left intact. Apparently, removal of 
the young half-expanded leaves at the shoot resulted in an 
abnormal situation in which the phenol, having no trans­
location "sink" except the very tiny leaves at the shoot 
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apex, merely accumulated in the mature leaves. To this 
extent, the kinetics of the B- expanded leaves present an 
unreal picture and one should expect higher turnover rates in 
the absence of this condition, especially in the 44 hr- B-
leaves. 
With the above points in mind, the phenol kinetics in 
mature leaves may be discussed more critically. Again, the 
difference between free and esterified CA is apparent, more so 
ill 
than in young leaves. The increased rate of entry of 'C into 
the esterified CA pool is also consistent with previous find­
ings. However, in mature leaves, the metabolism of CA must 
be complicated further by the presence of more CGA related 
conjugates as deduced from the chromatographic problems 
mentioned earlier. Of particular interest would be the role 
of the three dicaffeoylquinic acid isomers which, as indicated 
earlier, have been found in sunflower. Taylor and Zucker (120) 
studied the turnover of 3^5-dicaffeoylquinic acid in 
relation to that of CGA in Xanthium. leaf discs fed 
1 
phenylalanine- "C and concluded that CGA could only be a 
precursor rather than a product of the diester since the 
latter was labeled very slowly. However, his results could 
reflect permeability problems and it is conceivable that 
these diesters are more active than indicated. It is 
assumed that a dynamic equilibrium exists between the quinic 
acid mono- and diesters and free CA and it is this steady 
state relation which would be disturbed in boron deficiency. 
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Table 11. Turnover values for caffeic acid and chloro-
genic acid in B-r and B- mature sunflower leaves 
Free caffeic acid Chlorogrenic acid 
Sample B- 3-
B-r 13 hr 30 hr- 44 hr B4- 13 hr 30 hr 44 hr 
,_,M/gram fresh 
weight 1.71 1.71 1 .71 2. O8& 1.70 1 .70 2 .17^ 3 .24% 
turnover time 
(hrs) 31.5 18 .8  20 .9 - --- 22.0 23 .6 17 .1 78 .4 
turnover rate 
(mi_,M/hr ) 54 91 82 — 77 72 127 41 
^Mean values. 
Table 12. Turnover values for the constituents of chloro-
genic acid in B-r and B- mature sunflower leaves 
Esterified caffeic acid Esterified ouinic acid 
Sample _ JD— U — 
B^ 13 hr 30 hr 44 hr B-h 13 hr 30 hr 40 hr-
,^M/gram fresh _ 
weight 1.70 1.70 2.17a 3.24& 1.70 1.70 2.17= 3.24= 
turnover time 
(hrs) 20.8 43.5 47.2 15.1 31.0 17.7 11.7 
turnover rate 
(muM/hr) 82 39 46 215 55 96 185 
^Mean values. 
Figure 12. Kinetics of free CA in B+ and B-.mature leaves 
of sunflower. Plants were fed for 4 hrs. 
T = 0 hrs corresponds to the time of removal 
from the feeding cnamber. 
Figure 13. Kinetics of CGA in B+ and B- mature sunflower 
leaves. T = 0 hrs is identical to Figure 12. 
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I3hr. B 
30 hr. B 
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Figure l4. Kinetics of the caffeoyl moiety of CGA 
in B+ and B- mature sunflower leaves. 
Figure 15. Kinetics of the quinoyl moiety of CGA in 
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Figure l6. Total activity and concentration of free caffeic 
acid per sample of 36O mg fresh weight. Values 
relate to Figure 12. The concentration of the 
13 hr and 30 hr samples was equivalent to the B+ 
data. 
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TIME (HOURS AFTER FEEDING d'^Og) 
Figure 17. Total activity and concentration of 
chlorogenic acid per sample of 36Cmg fresh 
weight. Values relate to mature leaf 
kinetics in Figure 13. Data for the 13hr 
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It is tempting to speculate that this equilibrium is upset 
by a movement of boron from mature leaves in response to an 
increased metabolic requirement for this element in young 
leaves. It is also quite possible that boron may bind CA 
and CGA in mature leaves and in this way regulate not only 
their enzymatic reaction rates in a manner analogous to that 
proposed by Dugger _et aJ.. (13) for starch phosphorylase but 
also, indirectly, the translocation of these phenols. Such 
a relation between boron and orthodiphenols is especially 
attractive since boron binds this type of compound 500-1000 
times greater than sugar (121). Thus, on removal of boron 
from the nutrient solution, the young leaves develop a 
boron deficit. The mature leaves respond to this crisis 
by translocating their own mobile boron to the more metaboli-
cally active leaves at the tip. This, however, induces a 
metabolic boron deficiency in the mature leaves and results 
in an increased rate of phenol biosynthesis, which, in turn, 
stimulates their increased translocation. Hence, in the 
absence of adequate boron, normal metabolic equilibria are 
disrupted and indiscriminant translocation results,.. 
It is difficult to reconcile the decreased turnover rate 
of esterified CA with the simultaneous increase in the 
turnover rate of free CA at 13 and 30 hours after removal 
from boron (Tables 11 and 12), especially with the paucity 
of knowledge in this area of metabolism. The increased 
turnover of free CA probably reflects increased translocation 
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since the total activities are decreasing (Figure l6). In 
mature leaves, the free CA pool may be fed by both the di-
and monoesters, perhaps in that order. An additional source 
of free CA, other than the hydrolytic splitting of quinic 
acid esters, is the direct conversion of cinnamic acid to CA 
by chloroplasts, a pathway demonstrated by Sato (122) to 
exist in a number of dicots. It should be mentioned that 
CGA is popularly thought to arise by sequential hydroxyla-
tion of cinnamoylquinic acid since most studies indicate that 
CA is poorly incorporated into this conjugate. However, since 
most of these studies are conducted on excised shoots or leaf 
discs, it is probable and, in fact, admitted by many investi­
gators, that CA is destroyed before reaching the metabolic 
sinks. Thus, net synthesis of CGA via direct esterification 
is still a possibility. 
lii 
A most consistent and yet unique pattern of "C-labeling, 
exemplified by CGA in normal mature leaves, is the secondary 
rise in activity about l6 hrs after the first sample. This 
rise is due primarily to the quinic acid moiety, the caffeoyl ' 
component showing only a slight contribution. However, this 
small increase has been demonstrated consistently in all the 
B-f mature leaf studies and has never been found in B- samples. 
The anomalous peak is therefore thought to be real. The 
source of this latent activity is not clear but the only 
substance which could conceivably contribute to such a delayed 
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burst of activity is starch. However, plants were kept 
under continuous illumination during the course of the experi­
ment and the turnover of starch under these conditions is not 
known. The fact that it does not affect B- CGA may reflect 
a greater translocation of sugar-derived starch in B- mature 
leaves. Of particular interest is the corresponding rise in 
B+ free CA activity during the 16-24 hour interval, suggesting 
that the quinic acid of a CGA pool may be derived by a more 
direct route from sugar than the pentose shunt and subse­
quently contribute activity to the free CA pool either 
indirectly via shikimate or more directly by some as yet 
unknown route, perhaps, for example, by condensation with 
acetate and subsequent aromatization of the ring. The 
possibilities are numerous and suggest interesting areas for 
future research.' 
In Section E, it was noted that quinic acid appeared to 
be turning over faster in B- young and mature leaves. This 
observation is fully substantiated by the present studies. 
Quinic acid demonstrates a significantly greater turnover 
rate in both young and mature leaves. In the 44 hr B- case, 
the metabolic controls have apparently broken down com­
pletely and CA is being produced by every conceivable pathway 
as evidenced b^r the increasing activity in the quinic acid 
and free CA pools and the increased turnover of e-CA. A 
similar trend can be discerned in young leaves as well. • 
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It is noteworthy that, in spite of the increased amount of 
phenol, B- mature leaves show no external ill effects 
primarily "because 65-70^ of the phenol is CGA, which is 
innocuous to sunflower tissue. This is probably why mature 
leaves have never been observed to show B- symptoms plus 
the fact that their phenol can be excreted into the trans­
location stream. In B- young leaves, the situation is 
reversed ifith 70-80% of the phenol being the more toxic OA. 
Figure l8 demonstrates the extreme kinetics that pre­
vail in young leaves when B- symptoms are externally evi­
dent. Although the B+ kinetics are similar to that expected 
for a precursor-product relation, it has already been shown, 
from a consideration of the moieties, that the interrelations 
are more complex. The moieties of CGA in Figure l8 were not 
analyzed because of insufficient sample. In spite of the 
differences in leaves, the B-r CA and CGA curves show turnover 
times very similar to those in young primary leaves, CA = 
38 hrs and CGA = 22 hrs. The slower turnover time of CGA 
does not seem unreasonable since the primary leaves are more 
active metabolically than any of the succeeding leaves. 
This conclusion is based on the rich cytochrome color of 
primary leaf residues after 80$ ethanol extraction. By 
comparison, the residues of later young leaves are almost 
colorless 
As mentioned earlier for B- mature leaves, the kinetics 
^ • 1 2L 
Figure l8. Kinetics of CA and CGA in COp pulse 
labeled B+ and B- young sunflower leaves. 
Boron deficient leaves were showing external 
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of young leaves showing B- symptoms also seem to have lost all 
metabolic control. The following data summarize the important 
changes under these extreme conditions. 
Free CA Pool size-CA CGA Pool size-CGA 
Total PPM LiM/g fr wt total PPM uM/g fr wt 
1.78 X 10^ 15.8 2.17 X lO^O 7.23 
5 .02  X lo9 23 .0  3.68 X lo9 5 .00  
5.61 X 10^ 14.5 2.21 X 10^ 3.06 
6.00 X 10^ 15.0 2.04 X 10^ 2.28 
2,96 X 10^ 5.28 1.69 X 10^ 2.28 
The highly variable pool sizes preclude the calculation 
of any meaningful turnover values. To obtain some notion as 
to how much of the activity in B- CGA was due to quinic 
acid,, the remaining portions of the last 4 B- samples were 
pooled, hydrolyzed with pectinase and chromatographed for the 
caffeoyl moiety. Analysis of the latter showed that 77^ 
of the CGA activity was due to quinic acid. Prom the pool 
sizes of CA, it is little wonder that B- tissues become 
necrotic. A typical B- young leaf of the size used here, 
about 750 mg fresh weight, contains about 2.5-3.0 mg of CA 
suggesting that B- sunflower leaves would be an excellent 
l4 biological tool for synthesizing C-labeled caffeic acid. 
The experiments described in this section have demon­
strated that derangements in phenol metabolism can be found 
in B- sunflower leaves within 10 hrs after removal from boron. 
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The turnover dynamics of CA and CGA indicate that the inter­
relations "between these phenols are considerably more com­
plex than current concepts envision. Moreover, the supposed 
passive role of mature leaves in boron deficiency has been 
shown to be false, a conclusion which predicates an active 
role for boron in phenol metabolism in both old and young 
leaves. 
H. Turnover of Phenylalanine in Normal and Boron Deficient 
Young Sunflower Leaves 
1, Introduction 
The biosynthesis of hydroxycinnamic acids has been 
investigated actively in recent years. Numerous studies have 
shown that the phenylalanine and tyrosine pools in plants 
serve as junction.points for the synthesis not only of 
proteins but of a wide variety of aromatic compounds (23, 
123). However, until recently, the initial reactions leading 
from these amino acids to the formation of cinnamic acid 
derivatives were obscure. Investigations on the enzymology 
of the problem have now revealed that phenylalanine is 
deaminated directly to cinnamic acid and ammonia by phenyla­
lanine deaminase, an enzyme which is apparently ubiquitous 
in the plant kingdom (124, 125). In view of the implication 
of boron in protein synthesis and its obvious effect on the 
metabolism of at least two cinnamic acid derivatives, caffeic 
and chlorogenic acids, it seemed of interest to examine the 
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dynamics of the phenylalanine pool in boron deficiency. As 
an amino acid, it would serve as an excellent indicator of 
derangements in both protein and phenol metabolism. To this 
end, the following experiment was conducted. 
2. Materials and methods 
1 if 
Two types of COp feedings chambers were employed in 
these experiments. For the five- and ten-minute feedings of 
excised shoots, a one-liter round-bottom flask with a neck 
opening of 2" was used. A stop-cock-regulated gas exit tube 
was affixed to the bottom while the neck of the flask con­
tained a side-arm gas inlet port with a 24/40 T joint for 
attachment to the ^^COg generator. Young excised shoots 
were placed in small polypropylene test tubes containing 
distilled water and the bottoms of the tubes were secured to 
the feeding platform by means of modeling clay. The neck of 
the feeding chamber was then placed over the shoots and sealed 
to the platform with clay. The ^^CO^ generator containing 
0.50 mc of BaCO^ was attached to the inlet port and then 
connected by tygon tubing to the exit port of the feeding 
chamber with a finger pump integrated into the system. 
For feeding leaf discs, a plastic chamber with a hinged 
lid as described by Aronoff (82) was employed. The small 
internal volume of the chamber (75 cc) allowed for increased 
pickup of ^^COg without the necessity of using a circulating 
pump. At termination of the experiment, the lid could be 
pryed open quickly by insertion of a screwdriver between two 
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l4 brass plates. To move COp from the generator to the 
chamber, a partial vacuum (about 12" of mercury) was applied 
to the chamber before opening the generator stop-cock, A 
liberal application of Celvacene (light) to the lid edges 
made the apparatus air-tight. 
?or experiments involving the first chamber, the round-
bottom flask was removed quickly at the indicated times and 
the young shoot leaves were sampled with a #3 cork borer 
(0.7 cm diameter), 4 punches per sample. The shoots for 
these experiments were excised from 3 week old sunflower 
plants, the B- shoot having been on B- nutrient 48 hrs prior 
to feeding. Samples thus obtained were extracted for two 
15-minute intervals in boiling 80^ aqueous ethanol followed 
two 15-minute extractions with 50^  aqueous ethanol. The 
extracts for each sample were combined, concentrated, and 
banded on Whatman No. 4l double acid washed paper strips, 
2 3/4" X 13" and subjected to electrophoresis in the 
Shandon hanging strip apparatus with 5^  aqueous acetic acid 
as electrolyte. After 10 hrs at 120 volts (0.6 ma per strip) 
the strips were removed, air-dried, and the phenylalanine-
containing band located by radioautography. The mobility of 
authentic phenylalanine with or without a plant extract was 
found to be 7 cm toward the cathode under these conditions. 
The resulting phenylalanine band was cut out and sewed onto 
a new strip of the same paper, l4" long, and chromatographed 
descending in n-butanol/ethanol/water (4:1:22). The 
of phenylalanine in this solvent is 0,5^. The resulting 
amino acid bands are subsequently eluted with 0.01 N HCl 
along with corresponding blanks. The eluates are neutralized 
to a methyl red end-point with dilute sodium hydroxide and 
then Quantitated with ninhydrin according to the method of 
Moore and Stein (126). 
For the feeding of leaf punches, the bottom of the second 
feeding chamber was layered with two pieces of moistened 
filter paper. The young leaves or three-week old sunflower 
plants were punched with a #4 cork borer (0.9 cm diameter) 
in the area proximal to the petiole and the corresponding B-r 
and B- discs segregated on the two filter papers. The B-
discs were taken from plants on B- nutrient for 48 hours. The 
1 il 
lid was then sealed shut and 0.24 mo of 'COg administered 
to the discs. After metabolizing for three minutes under 
700 ft-c of light, the lid was opened, 5 3-r and 5 B- discs 
were taken, and each set extracted as indicated above. Samples 
were taken every three minutes and the phenylalanine was 
isolated from each as described previously. In addition, 
in order to determine the bound phenylalanine, the residues 
from the first and last 3+ and B- samples were hydrolyzed 
in a sealed tube with 6 N HCl for 24 hours. The resulting 
hydrolysates were filtered through a small piece of cheese 
cloth to remove insoluble material and then concentrated to 
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dryness to remove hydrochloric acid. The residue was 
dissolved in water and applied to Amberlite IR-120-H resin to 
remove the neutral and anionic fractions. The amino acids 
were eluted with 3M and phenylalanine isolated by the 
chromatographic and electrophoretic procedures already 
described. 
In the first two experiments, the feeding light was 
turned off at the termination of the experiment and the plant 
tissue was sampled under room light. This was done to 
eliminate wilting of the young leaves which invariably 
occurred if shoots were removed from the feeding chamber and 
left under strong light. In view of this, the turnover 
rates reported for the 5-minute feeding should be taken as 
minimum values. 
3. Results and discussion 
In a preceding section, light was shown to have sub­
stantial effects on chlorogenic but not caffeic acid synthe­
sis, the implication being that the rapidity with which this 
effect can be shown is proportional to the turnover rate of 
the compound. This relation is illustrated dramatically 
in Figures 20 and 21 which demonstrate some unusual kinetics 
caused by light in the 10-minute feeding. The plants used 
in this particular experiment had been in the dark for almost 
8 hrs before being removed for the experiment. As shovm 
in Figure 21, when steady state conditions have not been 
reached in the plant before feeding, the phenylalanine pool 
size is apparently quite sensitive to light intensity. It 
seems most probable that this variation merely reflects the 
initial response of the relation between metabolic pool size 
and protein synthesis to light, a phenomenon predicated by 
numerous studies (127, 128). More directly related to phenol 
biosynthesis is the recent finding that the novo synthesis 
of phenylalanine deaminase in potato tissue is remarkably 
sensitive to light and its concentration in the tissue is 
directly proportional to the amount of chlorogenic acid formed 
from endogenous substrate (129, 130). In the present case, 
a study of Figures 20 and 21 suggests the following chain of 
events. The first two B-i- and the first three B- samples 
probably represent both increased synthesis and degradation 
of phenylalanine.' This is concluded from the rapid decrease 
in specific activity and total activity for these samples. 
The remainder of the two curves may be interpreted as an 
abrupt decrease in degradation of phenylalanine with continued 
synthesis for a short period, the latter finally diminishing 
as degradation continues at a much slower rate than initially 
observed. Attention should be directed toward l) the 
increased level of phenylalanine in B- leaves and 2) the 
later time at which degradative processes are affected in 
boron deficiency. In the first case, it is not known whether 
the concentration increment between B-r and B- leaves repre­
sents an increased synthesis in response to light or merely 
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the existence of a larger pool size of phenylalanine in dark 
grown B- sunflowers. The results of the 5-niinute experiment 
to "be discussed, indicate that both alternatives are probably 
correct. The reason for the slower response of phenylalanine 
degradation in B- leaves is not clear from these studies but 
suggests some intimate relationship between processes affected 
by light and boron. 
It is obvious from Figure 20 that a 10-minute pulse 
feeding is too long for observing the actual movement of 
nil 
C into the phenylalanine pool. Therefore, a 5-minute 
feeding was performed but this time the plants had been under 
daylight conditions for 6 hrs prior to feeding. From Figures 
19 and 22, it is apparent that these plants approximated 
steady state conditions close enough to allow calculation of 
turnover values. These results follow. 
pool size turnover time turnover rate 
B-r l6.6 |jM/g fr wt 6.25 min 2.65 ^M/g fr wt/min 
B- 27.2-30.0 j^M/g fr wt 4.65 min 6.73 [M/g fr wt/min 
The most striking result of these investigations is the 
finding of large amounts of phenylalanine in young sunflower 
leaves. In view of the large concentration of phenol present 
in the same leaves, roughly 10 per gram fresh weight if 
one considers only CA and OGA, this discovery should 
perhaps not be unexpected, especially if one allows for the 
synthesis of other aromatics and proteins. Furthermore, the 
Figure 19. Kinetics of phenylalanine in young leaves 
of sunflower shoots pulse labeled for 5 minutes 
with l^COg. Leaves were sampled immediately 
upon removal from the feeding chamber (t = 0 min). 
Figure 20. Kinetics of phenylalanine in young leaves of 
sunflower shoots pulse labled for 10 minutes with 
• ' l'^C02. Leaves were sampled immediately upon 
removal from the feeding chamber (t = 0 min). 
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Figure 21. Total activity and concentration of 
phenylalanine per sample of 36mg fresh 
weight in the lO-minute pulse feeding 
experiment, 
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Figure 22. Total activity and concentration of 
phenylalanine per sample of 36 mg fresh 
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procedure employed for isolating and purifying phenylalanine 
involved a minimum number of manipulations, thus enhancing 
recoveries after extraction. As revealed by the above values, 
the turnover rate of B- tissue is about 2|- times greater the 
normal tissue, a reflection of the almost doubled pool size 
in boron deficiency. It should be stressed that the latter 
shoot was only on B- nutrient for 48 hrs and normally would 
not show external symptoms for another 2-3 days. A kinetic 
examination of the phenylalanine concentration as symptoms 
progress would indeed be interesting. Also noteworthy in 
Figure 22 is the gradual decline in pool size of B- samples 
as the experiment progressed. Since the B+ shoot shows almost 
the reverse trend, it is not quite clear whether this is a 
result of excision or light. The experiment on leaf discs 
which follows indicates the former. Although the B- kinetics 
demonstrate a peak of incorporation around 8 minutes, one 
can only guess, by extrapolation, that the B- leaves must 
have reached their maximum at minus about l-g- minutes on the 
abscissa scale. In any event, this study leaves no doubt 
that, in response to boron deficiency, phenylalanine pool 
dynamics undergo dramatic changes long before symptoms are 
manifested externally. 
In order to examine the kinetics of B- tissue at earlier 
feeding times and facilitate sampling at shorter time inter-
l4 
vais, it was necessary to feed COg to leaf discs employing 
the chamber described previously. However, it must be 
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emphasized that such discs represent leaf tissue in an 
unnatural state and the resultant trauma brings about certain 
metabolic changes, the basis for which is not fully under­
stood. This experiment, therefore, was carried out with the 
realization that the results may not be comparable with those 
obtained above for excised shoots. In fact, any excision 
effects should be magnified with leaf discs. Thus, the best 
one can do is compare B- and B+ discs in a relative sense and 
any inferences drawn by analogy to the earlier experiments 
must be necessarily restrained. 
The results of the leaf disc experiment are shown in the 
following table. 
1 Zi 
Table 13. Variations in phenylalanine in 'COp fed leaf 
discs 
laM phenylalanine Specific activity 
isolated per gram phenylalanine 
fresh weight mc/mlf x 10-
T Sample Bj^ ^ Bj] 3^ 
(min) Number Free Bound Free Bound Free Bound Free Bound 















3 2 10.0 - - 19.7 2.92 — — — — 3.27 
6 3 10.1 - - 11.4 2.36 1.79 
9 4 13.7 — 15-9 1.45 1.39 — 










6.70 1.27 4.94 
The data point out very clearly, first, the complexity 
of amino acid metabolism in higher plants, secondly, the 
complications introduced by boron deficiency and, thirdly. 
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one cannot solve the boron problem without first charting 
the unknown territories in plant metabolism, which are 
immense. Thus, the question of phenylalanine as a precursor 
of protein is complicated by the fact that most amino acids 
exist in more than one pool in plants (131, 132, 133) and 
there are almost certainly several sites of protein 
synthesis which may occur simultaneously at a number of 
cytoplasmic centers, including microsomes and mitochondria, 
as well as in chloroplasts. Moreover, at the tissue level, 
certain cells are likely to be more active in protein 
synthesis or breakdown than others. This fact especially 
should be borne in mind in the present study since the discs 
were taken only from the proximal area of the leaf, an area 
characterized by rapid growth and, consequently, an area 
which shows the most severe boron deficiency symptoms. In 
previous experiments, each sample represented the whole area 
of the leaf. 
F'rom the above table, it can be seen that the B- discs 
contain about 22$ less bound pheylalanine than the correspond­
ing B-i- samples. Whether this reflects only protein remains 
to be seen, since it is conceivable that a pool or pools of 
free phenylalanine may be bound metabolically to the 
residue and not extracted by aqueous ethanol. The reverse 
relationship between the free phenylalanine concentrations is 
striking. Ifhile this trend was noted in the second experi­
ment, it was not nearly as dramatic as that found in leaf 
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discs, and leads to the conclusion that the excision of leaf 
tissue has accelerated the process(es) responsible for this 
phenomenon. Racusen (128), while studying the labeling 
patterns for amino acids and proteins, noted that excised 
soybean and tobacco leaves accumulated soluble nitrogen with 
a corresponding decrease in protein synthesis. One would 
expect discs of tissue taken from these leaves to show the 
same effect, only more severly, at least initially. If one 
waits long enough, steady state conditions should eventually 
prevail. In the above study, the discs were allowed to 
metabolize under room light for 15 minutes prior to feeding.. 
Obviously steady state conditions had not been reached buû 
the two sets of discs should be comparable under identical 
conditions. 
Some understanding of the changes in pool sizes may be 
possible if one envisions the existence of at least three 
pools of phenylalanine in sunflower, on a pattern somewhat 
similar to that proposed for tryptophan in Neurospora by 
î/iatchett a^. (134). According to this scheme, phenylala­
nine, produced from newly photoassimulated carbon, would feed 
directly into a "metabolic pool" which, in turn, contri­
butes phenylalanine for protein synthesis. Under normal 
conditions, the activity from the latter pool is in rapid 
equilibrium with an "expandable pool" and a "storage pool", 
the latter probably being the vacuole of the cell while the 
former is at some other locus in the cytoplasm. The peculiar 
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attribute of the expandable pool is that it can be enlarged 
or diminished without triggering end-product regulation, a 
property reserved solely for the metabolic pool. With this 
picture in mind, one may imagine that, in response to excision, 
all 3 pools augment in the B-r discs, especially the storage 
pool, until finally the synthesis of phenylalanine is 
"turned off", so to speak, by end-product regulation. 
Eventually, a steady state situation would be reached in 
which free phenylalanine would be present at an increased 
level but lower than that indicated for sample 5 in Table 13. 
On the other hand, in the B- discs, the phenylalanine concen­
tration is already twice the normal and excision may stimu­
late end-product inhibition. In addition, if one assumes the 
expandable pool is feeding aromatic metabolism i.e. phenol 
biosynthesis, this pool plus some of the storage pool may be 
drained rapidly in B- tissue and hence account for the con­
siderable decrease in free phenylalanine. Indeed, after 
steady state conditions have been reached, the free 
phenylalanine content may be equal in both sets of discs but 
the B-r and B- discs may contain greater and lesser amounts 
respectively than the corresponding attached leaves. 
The increased synthesis of phenylalanine in B-r discs 
would account for their increased activity in the free- and 
bound-amino acid. In addition, under B- conditions, not only 
is the specific activity of the metabolic pool less but also 
either the earlier initiation of end-product regulation or 
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boron deficiency itself may interfere with the transport of 
phenylalanine between pools with the result that the 
activity in the metabolic pool will be diluted on extraction 
by variable amounts of relatively "cold phenylalanine from 
the other pools. This means that the specific activity of 
free phenylalanine reflects more faithfully the actual 
specific activity of the protein precursor pool in the B-r 
but nor in the B- discs. In confirmation of this is the 
fact that the last B- sample demonstrates a higher specific 
activity of bound phenylalanine than any of the B- free 
amino acid samples. 
Finally, the specific activities of the bound phenylala­
nine indicate that protein synthesis is proceeding at 
approximately equal rates in both sets of discs, assuming 
that the first and last samples represent the minimum and 
maximum values. Considering the short time interval, this 
seems a reasonable assumption. In this event, assuming the 
bound phenylalanine represents only protein, the 3- bound 
phenylalanine data are apparently contradictory, indicating a 
decreased amount of protein and yet an undiminished rate of 
protein synthesis. However, this apparent protein deficit 
may be due to a decreased transport of protein from adjacent 
cells in the median and distal portions of the leaf to the 
more boron deficient cells in the petiolar region. Eventually 
the endogenous protein synthesis of the latter cells will 
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probably be affected but transport phenomena may account 
for the initial differences. 
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III. SUMMARY 
The early effects of boron deficiency on the metabolism 
of CA and CGA in sunflower and various nutritional para­
meters of the boron requirement of plants have been investi­
gated. 
The present studies have established that phenyl-
boronic acid and methylboronic acid can serve as the sole 
source of boron for sunflower (Helianthus annus L. var 
Mammoth Russian) at concentrations equivalent to those 
used for boric acid. Comparative observations on the mor­
phology of phenylboronic acid- and boric acid-grown plants 
indicate that the former behaves as a "disabled" boric acid 
by producing some stunting of growth as well as greener and 
intensely-wrinkeld leaves. Plants grown on methylboronic 
acid exhibited none of the adverse morphological effects 
noted with phenylboronic acid and were indistinguishable 
from borate-grown sunflowers. It is proposed that the 
wrinkling of leaves observed with phenylboronic acid is due 
to a contortion of cell wall structure by intercalation of 
the bulky phenyl group between cellulose chains. Since growth 
is normal with methylboronic acid, it is concluded that a 
bis-diolboric acid is not essential to the role of boron in 
sunflower. In addition, it is shown that the plant growth 
hormones, kinetin and indoleacetic acid, have no sparing 
effect on the boron requirement of sunflower when administered 
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singly or in combination. 
The necessity of boron for cell division has been 
investigated by determining the essentiality of boron for 
unicellular algae. Using rigorous purification procedures, 
a boron requirement could not be demonstrated for Scenedesmus 
obliquus growing in cultures containing 5 x 10 ° ppm boron. 
The results are interpreted as reflecting the absence of a 
middle lamella in the cell wall of these algae. 
The increase in the ratio of CA to CGA concentration has 
been followed in sunflower shoots over a 15-day period 
following removal of boron from nutrient solutions. The 
onset of deficiency symptoms is preceeded by a rise in this 
ratio both in leaves and tips, the values of CA per mg fresh 
weight eventually increasing 2.5-fold and 10-fold, respec­
tively, above the'normal. The results support the hypothesis 
that excess CA causes death of the growing point of B-
sunflower plants. The destruction of conducting tissue and 
accompanying deprivation of translocation products destroys 
the surrounding tissue. 
Boron-sufficient and 36 hr-deficient sunflower shoots 
fed acetate-1,2-^^C incorporated more ^^C into lipid and 
l4 
starch in B- leaves, but more C into protein in B-f leaves. 
Simultaneous analysis of phenol kinetics suggests that 
acetate may contribute directly to the synthesis of a small 
pool of chlorogenic acid, no larger than 0.5 m^M, in B-r 
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leaves only. The absence of this pathway in B- leaves, 
together with the concomittent increases in lipoidal material, 
is interpreted as representing a shift toward reductive 
processes during the early stages of boron deficiency. 
lij. 
A number of studies were conducted with COg-fed 
sunflower leaves in order to examine in more detail the 
primacy of the phenol syndrome at the onset of boron 
deficiency symptoms. 
Variations introduced into the metabolism of CA and CGA 
in response to alternating light and dark periods were 
investigated. Under similar conditions, CGA is photores-
ponsive in B+ young and mature leaves, but not in correspond­
ing B- leaves. Caffeic acid shows variations only in mature 
leaves. It is concluded that if one wishes to maintain 
steady state conditions, then continuous illumination should 
be employed during experiments on these phenols. Plants fed 
in the light, but sampled in the dark, contain a greater 
amount of in the phenols of Bt young and mature leaves. 
Hydrolysis of CGA indicates that both moieties are turning 
over faster in B- leaves, but at lower levels of total 
activity. The data lead to the conclusion that there is 
more than one pool of CA in sunflower leaves. 
The turnover of CA and CGA acids were investigated. 
Within 10 hrs after removal from boron, the following changes 
in phenol metabolism were found: 
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1) The tizrnover of free and esterified caffeic acids in young 
leaves are approximately doubled, while that of quinic acid 
increases slowly. A similar trend is found in mature 
leaves for free CA and quinic acid, but esterified CA 
demonstrates a greater complexity, 
2) Consideration of the CA to CG-A ratios in young and mature 
leaves, observations on stem phenol content, and total 
activity relations suggest that free CA and CGA are both 
translocated to the young shoot in increased amounts in 
boron deficiency. It is proposed that boron serves as a 
regulator of phenol metabolism by virtue of its strong 
chelation to these compounds and, in this way, indirectly 
controls their translocation from mature leaves, 
3) In normal mature leaves, only free CA demonstrated an 
end-product metabolism, but, on removal from boron, all 
phenols become more active metabolically. 
4) The data confirm the existence of multiple pools of CA 
in sunflower. 
5) The turnover dynamics are more adversely affected in 
boron deficient mature leaves, but the latter never manifest 
symptoms because a) they can translocate phenols and b) their 
CA/CGA ratios are less than one. 
6) Acute boron deficiency symptoms are characterized by a 
l4 
considerable augmentation in the phenolic C incorporation, 
4,5-fold for free CA and 10-fold for CGA. It is concluded 
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that boron deficiency results in increased synthesis of CA 
and CGA as well as increased degradation by oxidative pro­
cesses . 
Using excised shoots, turnover was determined for 
phenylalanine, a key metabolite in the biosynthesis of 
cinnamic acid derivatives. Calculation of minimum values 
reveal rates of 2.65 and 6.73 [M/ë fz' wt/min for B-r and 48 hr 
Boron-deprived young leaves, respectively. Analysis of 
l4 free and protein-.bound phenylalanine in COg fed leaf discs 
indicate that while protein synthesis proceeds at equal rates 
in both B- and B+ discs, the latter contain more total protein 
and higher specific activities in both the bound and free 
phenylalanine. The results are explained by assuming a 
dynamic equilibrium between multiple pools of phenylalanine. 
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